AD=A105 775

UNCLASSIFIED

INSTITUTE FOR DEFENSE ANALYSES ARLINGTON VA PROGRAM ==ETC F/6 1/3
HELICOPTER RELIABILITY AND MAINTAINABILITY TRENDS DURING DEVELO-=EYC(U)
JUL 81 N J ASHERes L L DOUGLASs R H JAKOBOVITS MDAS03=79-C~-0320
1DA=S=520 IDA/H@=-81=23636 NL




~— AP-E 500 Yo'
Copy 18 of 88 copies

LEVEL 7

IDA STUDY S-520

HELICOPTER RELIABILITY AND MAINTAINABILITY :
TRENDS DURING DEVELOPMENT AND PRODUCTION f’

Norman J. Asher

Lee L. Douglas
Ray H. Jakobovits

D'flC

ELECTE
July 1981 OCT 191881

Prepared for

Office of the Assistant Secretary of Defense
(Manpower, Reserve Affairs and Logistics) {

ADA105775

DISTRIBUTION STATEMENT A i

Kpproved for public release;
Distribution Unlimited
1

| DA

L&.j P
INSTITUTE FOR DEFENSE ANALYSES
g PROGRAM ANALYSIS DIVISION

~ o 1 C -
. \; j— "'q.

N )

IDA Log No. HQ 81-23636




el 2
’
’

Al

The work reperted in this decument was conducted under contract
MDA 903 79 C 0320, dated October 1, 1878, for the Department of
Defenss. The publication of this IDA Study dees net lndicate enderse-
ment by the Department of Defense, ner sheuld the contonts be con-
strued as reflacting the efficial pesition of that agency.

Appreved for public relsase; distribution unlimited.




UNCLASSIFIED

SECUMITY CLASUIFICATION QF Twil BAGE /When Data Entered)

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
1 REPOAT NUMBEA 'L GOVY ACCESSION MO 3 RECIPMENT'S CATALOG NUNMBER
f 4 TITLE (and Subrriie) 3 TvYPE OF REPORT 4 AEMOD COVERED
Helicopter Reliability and Maintainability Fi
‘ Trends During Development and Production inal
& PEAFORMING ORG REPOAT NuMBERN
i IDA Study S-520
T AUTHOR(e, S CONTRACT ORMGRANT NuMBERTs) — 1
Norman J. Asher, Lee L. Douglas, Ray H.
Jakobovits MDA903-79-C-0320
9. PERFORMING ORGANIZATION NAME ANO ADOARESS 19 PROGRAM ELEMENT PROLIEC” YT ASK

AREA & WORK UNIT NUMBEARS

Institute for Defense Analyses
Program Ana?ysis Div?sion J

4007 Army-N i
ARTiRgEEn VY Di¥s Task 80-1-1
"ASSISTANt Secretary of Defense (MRAAL) July TegT "
The I?entagon 13 MUMBER OF PAGES
Washington, DC 20301 279
[TS. MONITORING AGENCY NAME & AOORES3(17 oillerent irom Contrailing Office; | '3. SECURITY GLASS. (of 'Ale repert)
Unclassified

190. CECLASSIZICATION QOWNGRADING
SCHEQULE n/a

16. OISTRIBUTION STATEMENT 7ut thie Report)

Approved for public release; distribution unlimited

17. OISTRIGUTION STATEMENT (of the sbatrert ontored in Blaek 20, i dliterent ivam Repert)

10. SUPPLEMENTAAY NOTES

19. XEY WOROS (Continue on revevee side i/ necesaary and tdentily by black Aumber)

Helicopter, Reliability, Maintainability

20. ABSTRACT (Continue on reverse side i necessary and idonuty 8y hisch numeer)

This study updates and extends IDA Study S-451, "Chanaes in
Helicopter Reliability/Maintainability Characteristics over Time," dated
March 1975. This study presents more recent data and, based on the
combined data of both studies, summarizes the observed helicopter R&M
trends. Trends observed during the development phase are compared with
those of the production phase.

o] I :f:"“ 1473 eoitiow oF ' mOv 6813 OBSOLETE UNCLASSIF|ED

SECUMITY CLASSIFICATION OF TiS PAGE When Dore Enterea)

] - - ] E ] - e _— A— ¥ S A ¥ ) il o




i
i
¥
Q IDA STUDY S-520
¢ HELICOPTER RELIABILITY AND MAINTAINABILITY
9 TRENDS DURING DEVELOPMENT AND PRODUCTION
!
§
Norman J. Asher
' % Lee L. Douglas

Ray H. Jakobovits

July 1981

)

1D

INSTITUTE FOR DEFENSE ANALYSES
PROGRAM ANALYSIS DIVISION
400 Army-Navy Drive, Arlington, Virginia 22202
Contract MDA 903 79 C 0320
Task 80-I-1

i///’

S




%

PREFACE
SUMMARY
A.
B.

CONTENTS

Conclusions

Development Phase

Production Phase

Changes in Commercial Aircraft Reliability/
Maintainability Characteristlics Over Time

Considerations in the Allocation of Resources
for R&M Growth During the Development Phase
Versus During the Production Phase

ABBREVIATIONS AND GLOSSARY

I. RESOURCES INVESTED IN RELIABILITY VERSUS RELIABILITY

ACHIEVED: A SURVEY OF THE LITERATURE
A. Introduction
B. Models of Reliabillity Growth

1.

2.
3.
4

The Duane Model . . . . . . . . . .

Tne IBM Model .

The LRU-Age Growth Model e e e
Limitations of Reliability Growth Models

Studies of Electronics Equipment Reliability

1.
2.

3.

Defining the Costs of Reliabllity Programs
Reliability as a Function of Program Cost

Designing R&M Programs to Minimize Life
Cycle Cost--the FAA Approach . .

Demonstrated Versus Field Reliability

111

Xv
S-1
S-1

=

\O O o N OV &= W

10

22
25




D. Studles of Rellability Growth During Helicopter

Development Programs . . . . .27

1. Reliability Growth Studies by Boeing Vertol . 28

2 Reliability Growth Studies by Sikorsky . . . . 37

3. Reliability Growth Study by Bell Helicopter . Ui

4. Other Related Studies . . . . . . . . . . . . U9

E. SUWMMAry « + « « &+ o o o o o« « o o s s « o o« . 52

II. DEVELOPMENT PHASE R&M DATA . . . + « ¢« « « « « + « « . 55

SECTION I. Black Hawk (UH-60A) Reliability,
Availability, and Maintainability

Trends . + + +« « « + + o « o « o« « « +« « . 55
A. Introduction . )
B. Background . . + « « v + + 4 « « « 4 4 e« o« < . 56
1. Black Hawk Program History . . . . . . . . . . 56
2. RAM Definitions, Goals and Measurement ]
Procedures . . « +. « « « = « « « « « o« « « « . 58
C. Data and Analyses . . « « « « « + o « o & « « « o 61
1. Army Data Systems . . . « « « « « « « « « « o 61
' 2. Data Analysis Methodology and Limitations . . 63
’ a. Data Furnished IDA . . . -« « <« . . 63
b. Methodology and leitations . e+ .+ . . . 65
3. ReSUlES '« «v « & v 4 4 4w « 4 4 o e 4« « « « . . 68
a. System Reliability . . . . . . . . . . . . 68
b. Mission Reliability . . . . . . . . . . . 78
c. Avallability . . . + +« « v « « « « « « . . 81
d. Maintainability . . . . . . . « . . . . . B84
e. Analysis of UMSDC Data . . . . « « . . « . 90
D. SWWMATY . + &+ + + o o o o & o o « o o« + « « « « « 96 ]
SECTION II. Boeing Vertol YUH-61A Reliability . . . . 99

SECTION III. Advanced Attack Helicopter Reliability
and Maintainability Characteristics . . 103

SECTION IV. RAM Costs for the Army Utility Tactical

s Transport Aircraft System (UTTAS) and
the Advanced Attack Helicopter (AAH) . . 109

iv




‘ A. Restricted Definition of RAM . . . . . . . . . . . 109
‘ B. Expanded Definition of RAM . . . . . . . . . . . . 113
SECTION V. Comparison of CH-47C and CH-47D
’ Reliability . . . . . . . . . + . . « . . 115
) SECTION VI. CH-53E Rellability and Maintainability
i Characteristics . . . . . . . .« 119
SECTION VII. Cost and Time Required to "Grow"
' R&M in the Development Phase . . . . . . 123
III. PRODUCTION PHASE R&M DATA . . . . + ¢« « « « « « + « . 137
| SECTION I. Navy 3-M Data . . . + « « « o « o o . . . 137
1. The H=1 . . + « ¢ v v o o o « o o s « « « « » 139
‘ 2. The H=2 . . ¢« v v v v v « « v v« o« « v « « « . 156
\ 3. The He3 v v v v v v v v v v e e e e .. 18l
l b, The H-U6 . . . . . « . v o v v v v o v« « . . 166
5. The H=53 . & & ¢« v ¢ v o v o o « v o o« « « 172
. 6. General TrendS . . . « « &« « « « o o « « « « . 176
SECTION II. U.S. Air Force Reliability and
‘ Maintainability Data . . . B Y
' SECTION III. Service Mishaps Rates . . . . . . . . . 183
A. Reporting Systems and Available Data . . . . . . . 183
1. APMY « v v v e e e e e e e e e e e e e e ... 183
I - 5 £ 3
SECTION IV. Helicopter Product Improvement
Programs . . .« « + « « & « o« o o « « . . 203
SECTION V. Army Operationally Ready (OR) Data . . . . 207

SECTION VI. Changes in Commercial Aircraft
Reliability/Maintainability

Characteristics Over Time . . . . . . . . 217

A. Maintenance Costs and Man-Hours . . . . . . . . . 217

3. Mechanical Schedule Reliability . . . . . . . . . 218

C Summary and Conclusions . . + . « +« + « « « .« . . 220
v




IV. CONSIDERATIONS IN THE ALLOCATION OF RESOURCES FOCR
R&M GROWTH DURING THE DEVELOPMENT PHASE VERSUS
DURING THE PRODUCTION PHASE . . . . . e+ 4 e e o« « . 233

A. Factors Favoring R&M Growth During Development
Phase . . v . « v v v v v 4 ¢ 4« 4 e 4« « e« « 4 . . 234

B. Factors Favoring R&M Growth During Production
Phase . . v ¢ v ¢ v ¢ 4 e e e e e e e e e e e e . . 235

REFERENCES . . v v ¢ v v v v v v v v v e e e e e e e e . 237

' dcengsion I"or'
f TLS GRARI V
CLTIN TR 1
1_~~.~mﬂd r
9 : RS} I,
Coke e
f‘ R R 74
A R AT Taeed
4 ——
e -y ’/Qp
‘i DA o i
! 7 i
‘ | |
[ ,

vi

Co v A TS S - e



S=-2
S-3

FIGURES

Failure Rate Versus Flight Hours for "Typical"
Helicopter Development Program . .

Instantaneous Failure Rate Versus Flight Hours

Cumulative System Mean Time Between Failures (MTBF)
at 100 Hours Versus Growth Rate Required to Achieve
Mature Program Goals .

Idealized R&M Planning Process
Reliability Parameters Estimated in [21]

Example of FAA Methodology for Estimating the Cost
of Reliabillity Improvement Programs, from [24]

Rummel Study [28] Sample Results

Bell Study [34] UH-1D and AH-1G Reliabllity Growth
Versus Cumulative Flight Hours . .

Bell Study [34] Percentage Decrease in Fallure Rate
Versus FY AH-1G and UH~-1D Aircraft e e e

Black Hawk Program Schedule

RAM/LOG and Total Black Hawk System Flight Hours as
of March 1980 . . .

Instantaneous System Failure Rate Trends Over Time
for the Black Hawk . . . . . .

Cumulative System Failure Rate Trends Over Time for
the Black Hawk . .

Cumulative Failures Versus Flight Time for Black
Hawk During GCT . o e

Cumulative Failure Versus Flight Hours During the
Maturity Phase of the Black Hawk Program

Cumulative Failure Rates Versus Flight Hours for
Production Black Hawk e e e e e e

Comparison of Estimated Instantaneous Fallure
Rate Trends with Measured Values for Black Hawk
Production Aircraft Groups . ..

AMSAA Measurements of Black Hawk System Reliability
srowth History e e e e e

vii

21
33

46

47
57

65
69
69
72
74

T4

—~1
-~




L

17

18

19

20

21

22

24

25

26

27

28
29

32

W)
w)

La) L) L)

O U &

Instantaneous Abort Rate Trends Over Time for the
Black Hawk . . . . .

Cumulative Abort Rate Trends Over Time for the
Black Hawk . . . . . .

Cumulative Abort Rate Versus rlight Hours for
Production Black Hawk . . . AN

Comparison of Estimated Instantaneous Abort Rate

Trend with Measured Values for Black Hawk Production

Alrcraft Groups . « « « ¢« o o v o« e e e .

Cumulative Achieved Availability Trends Over Time
for the Black Hawk . . . + .+ + « « « « « o o « o

Cumulative Achieved Availability Versus Fllght
Hours for Production Black Hawk . . . ..

Cumulative Unscheduled Maintenance Actions per
Flight Hour Versus Flight Hours for the Black
Hawk Program . . . e e e e e e e e e

Cumulative Unscheduled Maintenance Actions per
Flight Hour for Procduction Black Hawk

Cumulative Corrective Maintenance Manhours per
Flight Hour Versus Flight Hours for the Black
Hawk Program . . .« . « « o« v o o « « o « « o«

Cunmulative Corrective Maintenance Manhours per
Flight Hour Versus Flight Hours for Production
Black Hawk . « v « v v v o v o o o « o o o .

Maintenance Manhours per Failure and Maintenance
Manhours per Unscheduled Maintenance Event Trends
Derived from Production Black Hawk RAM/LOG Data

Cumulative Mean Time to Repair Versus Flight Hours
for Production Black Hawk . . . .« « .« « « « « « .

YUH-61A Reliability Growth Status . . . . . . . .

Projection of Average MTBR for UH-61A Dynamic
Components . . . . . .

Cumulative System Fallure Rate Trend Over Time for
the 7AH-64 Advanced Attack Hellcopter

CH-52E Mission Reliability Growth Trend
AH-36A Relilability Growth Curve for Total System

QOH-6A Cumulative Failure Rate Versus Cumulative
Flight Hours . . .+« + ¢ o 0 0w e e e e e

CH=-33A/" Abort Rate (Experience versus Predicted)
CH=ZXA/C Abort Rate Versus Cumulative Flight Hours
X

Failure Rate Tersus Flight Hours for "Typical”
Zellc 2r Tevelopment Program e

viii

78
79

79

81
82

82

85

85

87

o

P
[NV TNV}
~N O W,

[
[AV]




37 Instantaneous rallure Rate Versus Flight Hours . . . . 130
33 Blacx Hawk Reliability/Maintainability Test Hour

SUMMAPY  + v « o & o« o o & 4« o o « 4 4 4 4 e e « e« . 133
39 Helicopter Development Flight Hours Versus Calendar

TIME + v v v v v e e e e e e e e e e e e e e e ..o 134
40 Cunmulative System Mean Time Between Failures (MT3F)

at 100 Hours Versus Growth Rate Regquired to Achieve

Mature Program Goals . . . .+ . + v + < 4« o « « « « .. 135
41  MTBMA for the WaVJ Slngle znglne UH- l/HH l/mH 1

Series . . . . . e « « « . . 14
42 MATBF Versus Year for the Navy Single Engine

Ud=-1/HH=-1/TH=-1 Series . . . . « ¢« ¢« &« v« « « « « « « . 1li4s
43 MMH/FH for the Vavy Single Englne UH-1/HH- l/mH 1

Series . . . e e e e e e e e < . . 16

44 MTBMA for the Navy UH=-IN . . . . . . . « « « « « « « . 1b7
45 MTBF Versus Year for the Navy UH-1IN . . . . . . . . . 1u8

o

46 MMH/FH for the Navy UH-IN |, ., . . . . . . . . <« « . . 1llg

47 MTBMA for the Navy AH-1G . . . . . . « « « « « « « . . 150
43 MTBF Versus Year for the Navy AH-1G ., . . . . . . . . 151
49 MMH/FH for the Navy AH-1G . . . . . . . « « « « « . . 152
50 MTBMA for the Navy AH-1J . . . . . . . . + + « +« « « . 153
51 MTBF Versus Year for the Navy AH=-1J ., . . . . . . . . 154
52 MMH/FH for the Navy AH-1J ., . . . . . . « « « « . « . 155
53 MTBMA for all Navy H-2 Models . . . . . . . « « « . . 158
54 MTBF Versus Year for all Navy H-2 Models . . . . . . . 159
55 MMH/FH for all the Navy H-=2 Models ., . . . . . . . . . 160
56 MTBMA for the Navy H-3(s) . . . . . . . . . . . . . . 163
27 MTBF Versus Year for the Navy H-3(3) . . . . . . . . . 164
53 MMH/FH for the Navy H-3(S) . . . . . . . . . . . . . . 165
53 MTBMA for the Navy H=U6 . . . . s e+ o+« o+« + . . 168
50 MTBF Versus 7ear for the Navy H- u6 e e e e e« .+« . . 169
51 MMH/FH for the Navy H=46 . . . . . . . . . . . . . . . 170
£2  MTBMA for the Navy H-53 ., . . . s N .
52 MTBF Versus Year for the Navy H- 53 e e e e e e e e e . 174
54 MMH/FH fcr the Navy H-53 , . . . . . . . . . . « « .« . 175
55 “Mean Time 2etween Maintenance Zvents and Maintenance
Manhours ner Flight Hour for “H-1" ., . . . . . . . . . 172
ix




~ e S T
4= w o O

-
\U)|

3
ON

(@2

[CYRNKGCRERGS N )
(GO |

N®)

-

Mean Time Between Maintenance Events and Maintenance
Manhours per Flight Hour for UH-1N

Mean Time Between Maintenance Events and Maintenance
Manhours per Flight Hour for HH-1H

Mean Time Between Maintenance Events and Maintenance
Manhours per Flight Hour for CH-3C

Mean Time Between Maintenance Events and Maintenance
Manhours per Flight Hour for HH-53

Mishap Rates for Army Helicooters
Mishap Rates for Navy Helicopters
Army Forces Command Helicopter Status

Direct Maintenance Costs, U.S. Operators, Four
Engine Jets e e e .« ..

Direct Maintenance Costs, Airframe and Accessories,
Pour Engine Jets . . .

Direct Maintenance Costs, U.S. Operators, Engines,
Four Engine Jets .o c e e e e e

Maintenance Manhours per Flying Hour, U.S. Operators,
Pour Engine Jets . . . . 4 0 o 0 e e . .

Zquivalent Direct Maintenance Costs (Total) . . .

Zguivalent Direct Maintenance Costs (Airframe and
Jther Flight Equipment) . . . .

Zquivalent Direct Maintenance Costs, Engines .

Maintenance Manhours per Flying Hour, U.S. Operators,
Twin & Tri Jets . . .« v v o o o v « + « .

Equivalent Direct Maintenance Costs (Total)

Zaguivalent Direct Maintenance Costs (Airframe and
Cther Flight Equipment) . . . .

Zguivalent Direct Maintenance Costs, Engines

Maintenance Manhours per Flying Hour, U.S. Operators,
wide Body Jets .. .

Mechanical 3chedule Reliability, 707-100, 707-300,
and 707-300 3/C e e e e e e e e e e e e e
Mechanical 3Schedule Reliability, 7, 737, and T47
Mechanical Schedule Reliability, DC-8 . .
Mechanical Schedule Reliability, DC-9 and B-737

“echanical Schedule Reliability, 3~747, DC-10, and
_-1011 . e e e e e . . . e .

Ylecnanical

-
o

(€7
¢}
!
1)
|93
<
l,_
4

Reliabilicy, L~-1011

179

181
189
200
213

221
221
222

222
223

223
224

224
225

225
226

226

227
228
229
229

[AS]
W W
[T o]

AV ]




.. e - a— S - A e "]

v 1 W
[} 1 i
w N

[#7]
[}
=

TABLES
Helicopter R&M Growth - Development Phase . . . . . . . S=2
Helicopter R&M Growth - Production Phase . . . . . . . S=3
Summary of Trends in Commercial Aircraft Reliability/
Maintainability Characteristics . . . . . . . . . S-16

Factors that Favor Allocation of Resources for R&M

Growth During the Development Phase and During the

Production Phase S=-17
Reliability Element Cost Data (Expressed in Mandays)

from GE Study [21] e e e . v . . . 12
Incremental Equipment Reliability Data from [21] . .. 14
Reliability Program Phase Cost and Incremental

Reliability Data from Hughes Study (22] . . . . . . . . 17
Reliability Growth Versus Reliability Engineering

Cost from Hughes Aircraft Study ([22]. . . . e 21
Rummel Study Test Cost, Operating Rate Summary . . . . 32
Rummel Study [28] Four-Year Test Program Sensitivity

to Corrective Action Efficiency . . . . . .. 35
Test Costs (FY71 $) and Operating Rates Used in

Burroughs, et al. Study [32] . . . « « « « « « « « .« . 4o
3urroughs, et al. [32] Development Test Costs Versus
Demonstration Requirements (Expressed in FY71 $

Millions) e e e e e e e e 41
Black Hawk Program RAM/LOG Data Collected as of

March 1980 . . . . . . ¢ ¢ e v e e e e e e e 62
Black Hawk RAM/LOG Data Furnished IDA . . . . . . . . . 64
Black Hawk Cumulative Fallure Rates, Total System . . . 70
Black Hawk Cumulative Failure Rates, Production

Aircrafet e e e e . . . 75
Black Hawk Cumulative Abort Rates, Total System and
Production Aircraft e e e e e e e e e e e e e 20
Black Hawk Cumulative Achieved Availabili‘ies, Total

System and Production Airecraft . . . . . e e e 3

xi




15

17
18

19

20

21

-3 O

L W w W
) \O

=

Black Hawk Cumulative Unscheduled Maintenance Action
Rates, Total System and Production Alrcraft

Cumulative Corrective Maintenance Manhours per Flight
Hour, Total System and Production Aircraft

Black Hawk UMSDC Data as of June 1980

Comparison of RAM/LOG and UMSDC Data Collected on
FDTE Aircraft . e e e e e e e e e

Comparison of First-Year and Second-Year Black Hawk
Using UMSDC Data

Summary of YAH-64 Advanced Attack Hellcopter RAM/LOG
Data e e e e e e e e s . .

UTTAS and AAH Product Assurance and Total Contractor
Costs e e e e e e e e e e e e e e e e e e e

Sikorsky Versus Boeing Vertol RAM Values During
DT/OT II . . « e e .

Comparison of CH=- M?C and CH- M7D Failure Rates per
Thousand Flight Hours . .. .

Rellability Growth Trends for the CH-N?D

CH-53E Observed Reliability and Maintainability
Characteristics (with GFE and Expanded AFCS)

Navy 3-M Data for UH-1D, UH-1E, UH-1H, UH-1L, TH-1L,
and HH-1K Models . . .

Navy 3-M Data for Model UH-1N

Navy 3-M Data for Mcdel AH-1G

Navy 3-M Data for Model AH-1J

Navy 3-M Data for all H-2 Models

Navy 3-M Data for all H-3 Models

Navy 3-M Data for all H-U46 Models

Navy 3-M Data for all H-53 Models e e .
gSAF Helicopter Reliability and Maintainability
ata . . e e . e e e e e e

USAF Helicorpter Reliability and Walntainability
Trends, 1972-1978 .

Mishaps of Army Hellcopters

Mishaps of Navy Helicopters

U.S. Army Helicopter Product Improvement Programs
rmy Forces Command Helicopter Status

J.5. Army Forces Command Helicopter Operationally
Ready Trends .

x11

«

36

38
93

94

95

. 106
. 111
. 112

. 116
. 117

. 121

. 140
. 141
. 142
. 143
. 157
. 162
. 167
. 172

. 178

182
186
194
204
209

216




B

%

gy

e

e BB Ay B s ™ £ = - S

b1

42

T —

Summary of Trends in Commercial Aircraft Reliability/
Maintainability Characteristics . . . . . . 231

Factors that Favor Allocation of Resources for R&M
Growth During the Development Phase and During the
Production Phase . . . e e e e e e e e e e e e e . . 233

xii1 /)(;‘V




DR R o A

PREFACE

This study was prepared by the Institute for Defensé
Analvses for the Office of the Assistant Secretary of Defense
(MRA&L) unier Contract MDA903-79-C-0320, ZPhase I of Task Crder
No. 30-I-1, dated 3 March 1980. The study was under tl=
tachnical direction of Messrs. Russell R. Shorey and Martin
A. Meth of the Office of the Special Assistant fcr Weapcn

Surpcrt Improvement.

The purpose of this Phase I study was to update and
axtend a 1975 IDA study of changes in helicopter reliability/
maintainability (R&M) characteristics over time [1]. In this
study more recent data have been collected; based on the
combined data of both studies, the observed helicopter R&M

trends are summarized.

The submission of this paper is in fulfillment of the

contract.
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ABBREVIATIONS AND GLOSSARY

AAH
Abort Rate

Aborting Failures

Achieved Availability

AFCS
AMSAA
APU
AVIM
AVUM

BED

Bench Test

BIS
Burn-in

Component

If reliability growth can be shown as
a straight line on log-log paper, then
o 1s the slope.

Advanced Attack Helicopter

Number of aborting failures per flight
hour

Failures serious enough to cause abort
of a mission

In the UTTAS and AAH programs, 100 per-
cent less the percent of maintenance
downtime; it assumes no loss in avail-
ability due to NORS or administrative
delay.

Automatic Flight Control System

Army Materiel Systems Analyéis Activity
Auxiliary Power Unit

Aviation Intermediate Maintenance
Aviation Unit Maintenance

Basic Engineering Development Phase;
that phase of the UTTAS and AAH pro-
grams during which competitive proto-
types were developed, built, and tested
(through DT II/0T II).

Testing of components in laboratory
test equipment

Board of Inspecticn and Survey (Navy)

The operation of an item to 1nduce
infant mortality failures before field
use in order to stabillize its opera-
tional characteristics upon commission-
ing to those expected for the useful
life period.

A basic assembly or vart whico ger-
forms a function

xvii




CONUS
C.0.P.
CRIM

Customer's Risk

Design Review

DODI
Duane

DSARC

DT II
Failure

Continental United States
Company Owned Prototyrpe

Component Report for Intensive Manage-
ment System

The risk, or probability, that a product
will be accepted by a reliability test
when it should properly be rejected.

Multipurpcse design verification pro-
cedure and project management tool used
to evaluate the R&M, 1ife cycle cost,
performance, and various other character-
istics of an equipment at major design
and testing milestones.

Department of Defense Instruction

An engineer at General Electric who
found that reliability growth often
can be depicted as a straight 1line on
log-log paper when cumulative failure
rate is plotted against cumulative
test hours (hence, the "Duane curve").

Defense Systems Acquisition Review
Council

Development Testing - Two

The inability of an item to perform
within previously specified 1limits.
There are many ways of counting fail-
ures: "system failures" generally
include all failures; "mission fallures"”
include only those failures serious
enough to cause abort of a mission;
"primary failures" are those attribut-
able to the inherent design character-
istics of the component (as opposed to
"non-primary failures" which are attrib-
utable to faulty maintenance, improper
handling, etc.); "chargeable failures"
are defined to differentiate faillures
chargeable to a contractor from fallures
occurring in GFE; "independent failures"
refer to initial failures which may in
turn induce other "dependent faillures,"
etc. These many categories of failures,
often ill-defined, may introduce dis-
tortions in comparing different programs
and reporting systems (and sometimes
result in inconsistencies even within

a given program and reporting system
when ground rules for counting falliures
are changed).
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Failure Mode A particular way in which failures
occur; the condition or state which
is the end result of a particular
failure mechanism.

FDTE Force Development Test and Experimentation

FFAR Folding Fin Aircraft Rocket L
FH Flight Hours

FIP Fleet Introduction Program (Navy),

Flight Safety In the UTTAS and AAH programs, the prob-
Reliability ability of completing a one-=-hour mission

without failure or malfunction which
results in a forced landing or mishap.

GCT Government Competitive Testing
GFE Government-Furnished Equipment
GSE Ground Support Equipment
GTV Ground Test Vehicle
Helicopter System The helicopter, consisting of all its
systems. |
HLH Heavy Lift Helicopter
HMMS HELLFIRE Modular Missile System
HSR Hardware System Reliliability failure.

Any fault in any equipment that results
in the inability of the item to perform
its required function and requires

unscheduled removal of that item.

(Term used in CH-47D program).
I0C Initial Operational Capability
JC Justification Code (Used in Army PIPs)
LCe Life Cycle Cost
LMI Logistics Management Institute |
LRU Line Replaceable Unit H
Maintenance Action An action necessary for retaining an

item in or restoring it to a specified
condition. Maintenance actions may be
differentiated with respect to scheduled
versus unscheduled actions and level

of maintenance activity performing the
action.

Maintenance Downtime The sum cof all clock time for preventive
and corrective (on-aircraft) maintenance.
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Maturity

Maturity Phase

MFHBF
MFHBMA

Mishap

Mission Reliability

MMH / FH
MQT
MTBF
MTBM

MTBMA
MTBR
MTTR
Navy 3-M

NSC
0&M
Off-board MTBF

Operational Avail-
ability

The phase of an aircraft program life
cycle when little or no further improve-
ment in R&M characteristics takes place--
generally after roughly 20,000 to 100,000
flight hours.

That phase of the UTTAS and AAH programs
following selection of the winner after
the competitive fly-off and before the
delivery of production aircraft.’

Mean Flight Hours between Fallures.
(Same as MTBF)

Mean Flight Hours between Maintenance
Actions. (Same as MTBMA)

A malfunction or failure which is
potentially injurious to or results

in injury to flight crew, ground crew

or passengers, or damage to the aircraft.

The probability that the helicopter
will fly for a specified time without
incurring a failure causing abort of a
mission.

Maintenance Man-Hours per Flight Hour
Military Qualificaticn Test
Mean Time Between Failures

Mean Time Between (Unscheduled) Mainte-
nance (Actions)

Mean Time Between Maintenance Actions
Mean Time Between Removals
Mean Time to Repair

The Navy Maintenance Materlal Manage-
ment reporting system

Naval Safety Center
Operatlion and Maintenance

For helicopters, the first flight is
the time that the design is considered
off-board.

The probability that a requested air-
craft 1s not down for maintenance or
spare parts.
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Operational Failures

ok k.

0T I1I

PEP

PIP

Producer's Risk

PVT-G

RAM

RAM-D

RAM/LOG

RDT&E

Removal Rate

RFP
RFQ
RIW
RPM
R&M or R/M
SDC
SOR

STA
System Reliability

TADS/PNVS

o
I 4
ol O S eN &% as

In the UTTAS and AAH programs, all
system failures plus dependent
failures, operator and maintenance
errors, foreign obJect damage, and
GSE induced malfunctions.

Operational Testing - Two
Procurement Engineering and Planning
Product Improvement Program

The risk, or probability, that a
product will be rejected by a reli-
ability test when 1t should properly
be accepted.

Production Verification Testing -
Government

Rellability, Availability, Maintain-
ability

RAM-Durability (selected aircraft, in
the Black Hawk program)

Reliability, Availability, Maintain-
ability, Logistics Sample Data System

Research, Development, Test and Evalua-
tion

The number of removals of a component
per unit time

Request for Proposal

Request for Quotation

Reliability Improvement Warranty
Reliability Planning and Management
Reliability and Maintainability
Sample Data Collection System

System Operational Reliability. As
used in the CH-47D program, a system
failure 1is called an SOR failure. It
includes all Primary and Non-Primary,
Independent and Dependent Failures.

Static Test Article

The probabllity that the helicopter
will fly for a speciflied time without
incurring a failure.

Target Acquisition Designation Sight/
Pilot Night Vision Sensor
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TAMMS
TBO

TSARCOM

UMSDC

USASC
UTTAS

WUcC
66-1

The Army Maintenance Management System

Time Between Overhaul. This is the
maximum number of flight hours that
component is scheduled to operate
between overhauls. The actual time
between overhauls may be less.

Troop Support and Aviatlion Materiel
Readiness Command

Unscheduled Maintenance Sample Data
Collection System

U.S. Army Safety Center

Utility Tactical Transport Aircraft
System

Work Unit Code

a

Air Force Maintenance Management System
(name derived from the Air Force manual

that sets out maintenance policy.)
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SUMMARY

This study was conducted in response to Phase I of Task
Order No. 80-I-1, "Helicopter Reliability and Maintainability
Characteristics." It updates and extends a 1975 IDA study of
changes in helicopter reliability/maintainability (R&M) char-
acteristics over time [1l]. In this study we have collected
more recent data and, based on the combined data of both studles,
have summarized the observed helicopter R&M trends. We have
compared the trends observed during the development phase with
those of the production phase. In general, the data obtained
in this study for the more recent programs are compatible with
the data presented in the 1975 study for the earlier programs.

The study relates R&M characteristics to test and opera-
tional flight hours and calendar time. We were not able to
estimate the associated dollar expenditures for R&M improve-
ment because current cost accounting systems do not clearly
separate expendlitures for R&M improvement from expenditures for
the many other aspects of helicopter development and production
programs. The combined effects of initial "off-board"” reli-
abllity and subsequent rate of reliability improvement in
achleving reliability goals 1s analyzed.

A. CONCLUSIONS

Tables S-1 and S-2 summarilze data on helicopter reliabillity
and maintainability (R&M) trends during the development and pro-
duction phases of hellicopter programs, respectively. Our 1975
study contailned all the R&M trend data that we were able to
assemble at that time on helicopter programs up to the early

S-1
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1970s. Those data are included below the double horizontal
lines of Tables S-1 and S-2; page references are given in

parentheses. Data obtailned in the current study are summarized
above the double lines. Principal concluslons based on the
combined data of both studies are:

e Substantial R&M growth occurs during development

e Fallure rates generally show worsening trends for
production systems

e On limited evidence (UH-60) a specifically funded
maturation phase can result in modest improvement
in production over development results

e On limited data (CH-47D) major modification programs
of fielded systems can improve R&M but are expensive

e Accident rates generally show major improvement
after fielding (while maintenance demands worsen)

e On average Component Improvement Programs (CIPs)
for dynamilic components result in some improvement,
but performance modifications may result in worsen-
ing faillure trends

e On a limited sample, recent commercial aircraft pro-

grams either have achieved high initial reliability

or complete intensive growth in the first two years

of production
R&M trends during each program phase are discussed below. It
should be noted that this study only shows R&M trends for heli-
copters. Thus, they are largely representative of complex
mechanical type systems but aré not necessarily representative
of complex avionics subsystems such as those presently belng
developed for the AH-64A and LAMPS Mark III programs.

B. DEVELOPMENT PHASE

Data were obtained on five R&M characteristics: (1) sys-
tem failure rate, (2) abort rate, (3) achieved avallability,
(4) maintenance manhours per flight hour, and (5) component
removal rate. 1In every case, R&M characteristics improved
during the development phase. However, after improvement
during the 3asic Engineering Development phase, the YUH-50A

s-5




exhibited a degradation in R&M characteristics during the
Maturity phase. Some possible reasons for this worsening are
discussed in Chapter II, Section I.

Aborting failure rates seem to lmprove more rapidly than
system failures; this 1is probably due to the fact that abort-
ing failures (being more serious in nature) receive more cor-
rective attention than failures in general. For system énd
aborting failures, the data obtained in the current study
(above the double line) basically corroborate the data from
the 1975 study (below the double line).

The results of Table S-1 indicate guite strongly that all
helicopter R&M measures improve during the development phase.

In a number of cases, the R&M data have been presented in
the "Duane" format, and the "a's" presented in Table S-1 refer
to the Duane equation. Duane [2] found that for some equip-
ments, cumulative failure rate versus cumulative operating
hours resulted in a straight line when the data points were
plotted on log-log paper. He expressed these "Duane curves"
by the equation

CFR = At™% ,
where

CFR = cumulative failure rate
A = initial failure rate (intersection at t=1 hour)
t = cumulative operating hours
a = exponent.

-a denotes the slope of the cumulative failure-rate line: when

o 1s positive, there is a decreasing failure rate; when it 1s
negative, there is an increasing failure rate. If cumulative
faillure rate versus cumulative operating hours falls on a
straight line (the "Duane curve"), then instantaneous failure
rate will also fall on a straight line with the equation:

IFR = (l-a)At™?

S-6
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The Duane paper presented data for five equipments whose
a's fell in the range of 0.4 to 0.5. Because of the scarcity
of reliability-growth data, the Duane data (a's of about 0.5)
have been used in predicting reliabllity growth for many other
equipment programs, including helicopters. However, the heli-
copter data presented herein indicate that a's for various
measures of helicopter reliability tend to be much lower.'

The helicopter R&M data indicate somewhat erratic trends
of failure rate improvement during helicopter development
programs. However, 1n at least a very approximate way, the
programs tend to be characterized by the Duane growth process.
Based upon the UH-60A Black Hawk system reliability data, let
us hypothesize a "typlcal" helicopter development program char-
acterized by a 0.13 and a cumulative failure rate at 100
flight hours = 0.7. These two values permit us to calculate
A = 1.274. The cumulative and instantaneous failure rates for
the "typical" helicopter are shown in Figure S-1. Note that
the basic characteristic of the Duane curves is that the failure

rate is reduced by the same proportion for each order of magni-
tude increase in cumulative flight hours. In the case of ;
Figure S-1, the failure rate at 100 flight hours is about 74 '
percent of that at 10 flight hours; at 1,000 flight hours it is
74 percent of that at 100 flight hours, etc. The nature of the
relationship bgéomes much more dramatic visually when the
instantaneous failure rate 1is replotted on a linear grid (see
igure S-2).., On Figure S-2 we have added a dashed line (a=0.4)
representing the fastest rate of improvement we are aware of
for any nelicopter development program (the CH-53 abort rate).
For comparison with the "typical" helicopter (a=0.13), we have
assumed the same cumulative fallure rate at'lOO flight hours
of 0.7.

meme o
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The failure rate is driven down during the development
phase by a continuous cycle of "fail and fix" consisting of
the following basic steps:

1. Test hours accumulated:
a. bench test

(1) transmission test stand

(2) rotor blade fatigue tests .
(3) flight control fatigue tests

(4) miscellaneous component fatigue tests

(5) failure data collected

b. rotor whirl tower test

¢. ground test vehicle
d. flight test.

2. Failures analyzed:
a. fallure mode 1ldentified

(1) design deficiency
' (2) quality control
(3) unanticipated environmental conditions

b. corrective action established.
3. Redesign/rework to eliminate cause of failure.

4. Test redesigned reworked component to verify adequacy
of corrective action.

5. Replace old part by new part in the system (test

aircraft, spares, etc.).

As can be seen, the reliability growth process involves many
interrelated elements. The convent 1l way of analyzing changes
in helicopter R&M characteristics ovz. time 1s to plot thelr
values as a function of cumulative flight hours. When using
such data, one must realize that the flying per se 1s only one
element in the R&M growth process.

|
' The Duane equation indicates that failure rate as a glven
number of flight hours is a function of both 1lnitial fallure
L l rate (A) and the rate of improvement (a). Figure S-3 shows
for various a's the cumulative MTBF at 100 f£light hours, in
|
l

Y
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Figure S-3. CUMULATIVE SYSTEM MEAN TIME BETWEEN FAILURES
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REQUIRED TO ACHIEVE MATURE PROGRAM GOALS

percent of mature program goal, required to achieve the mature
program goal. A program is generally considered to have
reached maturity after 20,000 to 100,000 flight hours, and
Figure S-3 shows the relationships for both values. For
example, i1f fallure rate improves at the rate o = 0.2, the

goal at 100,000 flight hours will be achieved if the cumulative
MTBF at 100 flight hours is 20 percent of the mature program

Zoal.

On Figure S-3 are plotted the values for the following
helicopters for which goals were established and for which we
were able to obtain Duane curves:




A

Mature Cumulative Growth

Program System MTBF Rate

MTBF Goal at 100 Hours (a)
AH-56A 10.60 0.59 0.16
UH-60A 4,00 1.40 0.13
YAH-64 3.25 0.87 0.29
CH-53E 0.92 0.28 0.22 .
CH-47D 1.40 0.90 0.14

Note that most of the a's lle in the 0.1 to 0.2 range. If

that rate of growth can be maintained to 20,000 or 100,000

flight hours, then the cumulative MTBF at 100 flight hours

must be approximately one~third of the mature goal in order
for the helicopter to meet its mature program goal.

The UH-60A, CH-47D and CH-53E all appear to be capable
of meeting theilr mature program goals. The two major modi-
fication programs (the CH-47D and CH-53E) appear much more
likely to meet their failure rate objectives than the com-
pletely new helicopter programs. The AH-56A was unlikely to
meet 1its mature program goal (which was much more ambitious
than those of the other programs). Since its cumulative MTBF
at 100 hours was only 5.6 percent of its mature goal, its o
would have had to increase from 0.16 to approximately 0.4 in
order to achieve its mature goal. In fact, the AH-56A pro-
gram was terminated after 1,426 flight hours of developmental
testing. The AH-64 may have difficulty in meeting its goal;
its o will have to increase from the 0.09 experienced to date
to approximately 0.17 1in order to meet 1ts goal by 100,000
flight hours.




c. PRODUCTION PHASE

Data were obtained on ten R&M characteristics: (1) system
failure rate, (2) abort rate, (3) achieved availability, (4)
maintenance manhours per flight hours, (5) component removal
rate, (6) component time between overhaul, (7) operational
availability, (8) accident rate, (9) mishap rate, and (10) mean
time between maintenance actions. Table S-2 indicates a ﬁixture
of improvement, degradation, or approximately no change for
different R&M measures for the different hellicopter programs.
Trends of these characteristics are discussed 1in their order
of listing at the top of Table S-2.

1. System Fajlure Rate

The only engine entry (The T-53) showed improvement in suc-
cessive models. Some of the helicopters showed improvement
early in their production phase (YUH~60A, OH-6A, CH-46, CH=-54A/
CH-54B). However, many of them showed a long term degradation
(CH-46, CH-54A/CH-54B, UH-1D), and the 3-M data for the Navy
H-1, H-2, H-3, H-46 and H-53 showed a uniformly worsening trend
for every major component group for every basic helicopter type
from 1968 to 1978. The general picture emerging from these data
1s that there appears to be some early improvement during the
oroduction phase, but that the longer term trend shows degrada-
tion.

2. Abort Rate

Abort rate improved 1in all cases. As was hypothesized in
the discussion of the development phase above, this 1is probably
due to the fact that aborting failures receive more corrective

attentlon than failures in general. (However, see 9. Mishap Rate,

below).
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3. Achieved Availability

The only entry for thls measure shows improvement.

4, Maintenance Manhours per Flight Hour (MMH/FH)

The only engine entry (the T-53) showed improvement in
successive models. For helicopters, we have mixed results:
some improved (YUH~-60A, CH~47, UH-1D, AH-1G); some worsened
(Navy H-1, H-2, H-3, H-46, H-53 (3-M data), CH-46 and "All
USAF Helicopters"); and some were approximately constant
("All Army Helicopters"). We believe the Navy 3-M data are
the most reliable long term trend data. They indicate that
MMi/FH worsened for every major component group and every basic
helicopter type from 1968 to 1978.

5. Component Removal Rate

Of the three engine entries, two (the T-53 and "Several
Engines") showed improvement, while the other (the T-55) was
approximately constant. Again some of the hellcopters improved
(the OH-8A, CH-53A/D, CH~U47 transmissions, CH-53B), some
worsened (CH-46, CH-54A, AH-1G), and some were approximately
constant (CH-47 "other components," OH~58A). In general,
engines and transmissions (the most expensive components to
overhaul) appear to definitely improve, while all other com-
ponents 1lmprove less markedly or tend to remain approximately
constant.

6. Component Time Between Overhaul

In most cases, time between overhaul (TBO) improved. A
TBO establishes the maximum time that a component can be flown.
However, components may falil before reaching their TBOs and
hence the removal rate (5. above) is a more significant measure
of component quality.
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7. Qperational Availability

The three entries for this measure from our 1975 report
indicated a general improvement during the early production
phase followed by an approximately constant availability. More
recent data indicate that on average Army operationally ready
rates generally remain constant over time.

8. Accident Rate

Both Army and Navy data indicate that accident rates (both
those involving materiel and total) improved for all helicopter
types. As was hypothesized in the discussion of system and
abort failure rates, it appears that the more serious types of
failures (those causing accidents) tend to be corrected, while

minor problems are let go.

9. Mishap Rate

Both Army and Navy data indicate that mishap rates (both
those involving materiel and total) worsened for all helicopter
types. We are puzzled by this finding because mishaps 1lie
between aborting fallures and accidents in degree of serious-
ness, and both abort rates and accident rates seem to improve
over time. Perhaps more warning indicators have been added to
the helicopters over time, and they have resulted in more pre-
cautionary landings (one type of mishap) but fewer accidents.
Final determination of the reason for increasing mishap rates
would require detailed analysis of their causes.

10. Mean Time Between Maintenance Actions

Both entries indicate a worsening in this measure. Again,
the 3-M data are belleved to be reliable and (as in the case of
system failure rate and MMH/FH) they show a worsening trend for
every major component group for every basic helicopter type from
1963 to 1978.
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The overall pattern shown by these data can be summarized
as follows. It appears that the more serious failure modes
(those causing aborts and accidents) tend to be corrected and
fherefore show an improvement trend, while the less important
failure modes (those making up the bulk of mishaps and system
failures) are not corrected and therefore show a worsening
trend as the fleet ages. Similarly, the most important com-
ponents (the engines and transmissions) tend to be improved
and therefore show improved removal rates while the lesser
components show a more constant removal rate trend.

D. CHANGES IN COMMERCIAL AIRCRAFT RELIABILITY/MAINTAINABILITY
CHARACTERISTICS OVER TIME
Over 80 percent of the Free World's commercial airliners
are produced in the U.S. and are widely acknowledged to be the
best in the world. Accordingly, their R&M characteristics are
probably close to optimum and may provide insights useful in
formulating R&M policies for military aircraft.

R&M data for first (B-707, DC-8), second (DC-9, B-727,
B-737) and third (B-747, DC-10, L-101l) generation commercial
jet transports were obtained from the manufacturers. The trends
in maintenance costs, maintenance manhours, and mechanical
schedule reliability are summarized in Table S-3. First gen-
eration commercial jets were the only ones to show long term
(i.e., greater than three year) improvement trends. Second
generation jets showed little improvement in any R&M measure
affer introductlon into service; they were basically good when
introduced. Third generation jets experlenced some reliability
problems with their high by-pass ratio engines, but R&M char-
acteristics stabilized after two or three years.

It appears that the commercial aircraft manufacturers
strive to develop theilr aircraft to a mature level of R&M char-
acteristics prior to introduction of the aircraft into service.
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Table S-3. SUMMARY OF TRENDS IN COMMERCIAL AIRCRAFT
RELIABILITY/MAINTAINABILITY CHARACTERISTICS

Direct
Maintenance | Maintenance
Costs in Manhours Mechanical
Jet Transport Constant per Flying Schedule
Generation Dollars Hour Reliability
First Generation Decreased Decreased B-7Q7-100 and DC-8
(Four Engine Jets) about 35% about 50% required about five
over first |over first | years to maturity;
17 years. 17 years. later B-707 models
required two or
three years.
Second Generation Approxi- Slight B-727 and 737 and
(Twin and Tri Jets) |[mately reduction DC-9 all had high
constant initial reljability;
DC-9 grew to a
slightly higher
level during first
three years of
service.
Third Generation
(Wide Body Jets)
B-747 & L-1011 Approxi-
mately
constant Approxi- Required two to
0C-10 Some mately three years to
increase constant maturity
due to
engines

“hen problems have developed in the last two generations of

Jets, they have been corrected within two or three years

following introduction into service; thercafter, R&M char-

acteristics have remained qulte constant.
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E. ~ CONSIDERATIONS IN THE ALLOCATION OF RESOURCES FOR R&M
GROWTH DURING THE DEVELOPMENT PHASE VERSUS DURING THE
PRODUCTIQN PHASE
There are a number of factors that should be consildered

in deciding whether to allocate resources for R&M growth during

the development phase or during the production chase of a heli-

copter program. Factors that favor allocation of resources
during each phase are summarized in Table S-4 zand are iiscussed
below.

Table S-4. FACTORS THAT FAVOR ALLOCATION OF RESCURCES
FOR R&M GROWTH DURING THE DEVELOPME PHASE
AND DURING THE PRODUCTION PHASE

Development Phase Production Phase

Should achieve a greater
improvement in R&M per unit
cost and time because of
Duane curve characteristics,

R&M growth program should be
more cost-effective because
of controllied management and
operating environment.

Improvements do not have to
be retrofitted on delivered
aircraft.

Improved R&M characteristics
available over entire life
of aircraft,

Development phase costs less
(but production phase will
cost more if R&M growth is
deferred to it).

Development phase may take
less time, resulting in pos-
sible earlier I0C date.

Earlier discovery of those
failure modes induced by
field environment.

1. Factors Favoring R&M Growth During Development Phase

The discussion which follows is tied to Table S-4 in its
listing of factors during the two phases of a helicopter program.

1. As discussed above, helicopter development programs,
in a very rough way, tend to follow the Duane growth process.
This process is characterizced by a continual reduction in the
degree of R&M improvement per unit of cost or time required to
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achieve the improvement (see Figures S-2 and S-3). Since fewer
flight hours have been accumulated in the development phase

than in the production phase, 1t should be possible to achieve

a greater degree of R&M improvement per unit of cost or time

in the development phase. Further, while virtually all programs
exhibit R&M improvement during the development phase, there is

no clear-cut evidence that R&M characteristics in general .improve
during the production phase. Indeed, some data indicate that
they worsen (see 3-M data of Chapter III, Section I).

2. R&M growth programs during the development phase would
be conducted at the manufacturer's plant or at a service test
facility in CONUS where manufacturer's personnel could be sta-
tioned. Accordingly, the operating environment is such that
information on failures can beAquickly collected and fixes
developed, thus facllitating the R&M growth process. On the
other hand, once a helicopter is 1in production and operating
in the field (perhaps overseas), the cocllection and transmittal
of failure data is much less complete and fast, and the time
required to incorporate fixes into aircraft in the field is
much greater. Further, in order to incorporate chadges in a
production program 1t is necessary to change production drawings/
processes/tooling and in general interfere with the smooth func-
tioning of the production process. Hence R&M growth programs
should be considerably more cost-effective during the develop-
ment phase because of the more favorable management and operating
environment. 0One guantitative survey concluded that production
rhase changes are ten times as costly as development phase
changes [3].

3. If design changes to achieve R&M growth are incorpo-
rated in the development phase, then later production aircraft
will have the improved designs incorporated in them when they
are built. However, 1i1f changes are made during the production
phase, then the changes must be retrofitted into those aircraft

wnilch have already been produced. This retrofitting is more

-
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expensive than incorporating changes in the initial construc-
tion of the aircraft. Further, retrofitting aircraft in the
field degrades the mission operational readiness of the units
to which they are assigned.

4. If R&M-related changes are incorporated during the
development phase, the beneflts of these changes are avallable
over the entire life of the aircraft. If changes are made
during the productlion phase, then the benefits are not realized
in the already-produced aircraft until they are retrofitted.

2. Factors Favoring R&M Growth During Production Phase

1. and 2. The principal advantage of deferring R&M growth
resources from the development phase to the production phase
is that the cost and schedule time required for development may
be reduced. As a result, an earller IOC date can be achileved.
This could be a very important consideration in some programs,
depending on the military threat situation.

3. Some R&M problems only become apparent when an aircraft
is operating in its normal fleld environment. These problems
will be discovered earlier because of the earlier IOC date, but
a special process involving data collection, engineering follow-
up and production modification is required for timely incorpo-
ration of fixes (as in the Black Hawk program).

(€]
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Chapter 1

RESOURCES INVESTED IN RELIABILITY VERSUS RELIABILITY
ACHIEVED: A SURVEY OF THE LITERATURE ‘

A. INTRODUCTION

The costs of ownership typically account for over half
of the total life cycle costs of major weapon systems. Con-
seguently, reduction of the cost of ownership has become a
matter of increasing concern for defense policy makers.
Recently published Department of Defense Directive 5000.4 [4]
deals with the setting, monitoring, and enforcement of reli-
ability and maintainability (R&M) goals, long recognized as
naving a significant impact on total support costs of weapon

Systems.

Implicit in the policies set forth in [4] is the assump-
tion that the impact of alternative R&M goals on both the
acguisition and ownership costs of a new system can be eval-
uated early in the development cycle of that system. In con-
trast to that assumption, a recent Air Command and Staff
College research study [5] concluded that "little has been
written on how to establish an effective reliability growth
program or the tools and resources required to implement such
a program." The purpose of this chapter is to provide a sum-
mary of selected studies that have appeared in the literature
dealing with the latter issue--the relationship between
resources invested in reliability and reliability achieved.

Figure 1 depicts the issue schematically. Subject to
?“

o}
40
|

art technoliogical constraints, R&VM program objec-

~ives, in theory, can ce varied in order :to adjust the relative




centricurions to total system life cycle cost ¢of the develop-
ment, orocurement, and ownership phases of the program. In
order to understand the linkage between R&M program goals and
lirfe cycle costs, however, it 1s necessary to understand--
(1) what resource levels are required during develooment
in order to achieve the development R&M objectives;

(2) how those objectives demonstrated during development
translate into field R&M attributes of the system;

(3) how those field attributes affect the cost of owner-
ship of the system; and

L (4) whether or not, and at what cost, R&M values can be
improved once the system has been flelded.

Initial
Design

] Set Set
R&M gp———8  performance
Objectives Objectives

[terate to
Minimize LCC
Sabject to Technology
and Resource
Constraints

Resources for Development ‘

R&M Activities =  RIM Values
During Achieved 1

Deve lopment

Buy Size ;
|
Total R&M |
; Procurement !
Contribution to | ‘
Life Cycle Costl ‘ * Cost Unit Cost Procurement

Ownership Cost Field RS
B T-— Value: :caizveu
Product Improvements —— i
b , Figure 1. IDEALIZED R&M PLANNING PROCESS
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In addition, if the relationship between reliability objectives,
performance objectives, and mission requirements is included in
the planning loop, then R&M can exert significant leverage on
the procurement cost by influencing the size of the total buy.

In this chapter.we concentrate on (1) and (2) above.
Question (3) can be reasonably well quantified through the use
of models designed for that purpose employing deterministic

and/or probabilistic cost equations or Monte Carlo simulation
methods (see, for example, [6], [7], [8]), but will not be dis-
cussed below. Little attention appears to have been devoted in
the literature to question (4), apart from proposed methods for
evaluating the cost-effectiveness of individual product improve-
ments ([9], [10]), and one survey [3] which concluded that the
cost of effecting a change to a system after it is fielded is
roughly ten times the cost of making that change prior to pro-
duction. The inclusion of buy size as a decision variable in
the R&M planning loop has been incorporated into one model of

the R&M process [11] which will be discussed in Section D.4
below.

In the context of this report, the primary focus of this
chapter is on helicopters. Historically, however, the majority
of published rellabillity growth efforts have been concerned with
electronics equipment, and a brief survey of relevant studiles
from that segment of the literature is included as well. The
narration 1s necessarily disjointed. The literature is rela-
tively sparse, and differences in both definitions and focus
among the various publications leave large gaps in the existing
oody of knowledge.

B. MODELS OF RELIABILITY GROWTH

In 1970, Selby and Miller [12] proposed the methodology for
vclanning and monitoring reliability programs—--xnown as Reliabilicy
Planning and Management (3PM)--which was tased on the 19¢4



empirical observation of J.T. Duane [2] that a predictable
relationship exists between test time and reliability achieved

for complex systems. Since that time reliability growth modeling

has been viewed as a useful means for structuring and monitoring
the progress of development programs. While a large number of
alternative growth models have been proposed (three conceptually
different types are discussed below), the "Duane Model" has con-
tinued to dominate the literature.

1. The Duane Model

The Duane model assumes a linear relationship between cumu-
lative fallure rate and test hours when plotted on a log-log
grid. Mathematically,

c(t) = at™¢

when c(t) denotes the cumulative failure rate of the system
after t hours of testing, o 1s a constant, usually nonnegative,
referred to as the "growth rate," and X is the cumulative fail-
ure rate at t = 1 hour. Letting n(t) denote the cumulative
number of failures up to time t, and letting i(t) denote the
instantaneous failure rate at time t, by definition

o(t) = olb)
- dn(t)
i(e) = =37 >
and it is easily seen that
1(t) = (l-a)At™® = (l-a)c(t)

Thus, the Iinstantaneous failure rate is proportional to the
cumulative failure rate.

In rractice, the constants o and log A are usually esti-
rm reliablilizy data plotted on a log-log grid using
Zoandard llinear 1233t 3sjuares theory. Alternative estimators

|
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have teen derived by Crow [13], Donelson [l4], and others under
the assumption that the stochastic process underlying the data

1s a nonhomogeneous Poisson process. Using the latter approach
to analyze reliabllicy data from 270 electronics equipment
development programs, a study by Hughes Aircraft [15] found

that in comparing the Duane model to five other reliability
growth models, the Duane model nearly always fit the data.
(according to goodness of fit criteria proposed by the investi-
gators) and was the best model overall, although in many specific
cases one of the other models provided a better fit.

In using the Duane model for program planning and manage-
ment, Selby and Miller proposed several rules of thumb. First,
establi.h a program goal (reliability prediction) which is at
least 125 percent of the orogram requirement. Second, take as
the starting (100 hour) point for reliability growth a cumula-
tive failure rate which is 10 percent (based upon empirical
avidence from past programs) of the goal. And finally, assume
a growth rate o = 0.5 (based upon Duane's empirical observa-
tions) for an intense rellability effort. The result is an
estimate of test hours required and a growth path which can be
used as a yardstick for evaluating program progress. In a
recent application of RPM to an avionics equipment development
program, Clarke and Cougan [16] concluded that RPM was a useful
agproach for initial test duratlion planning purposes and for
tracking reliabllity growth during the middle portion of the
developrment program. During the early stages of development,
“hey found that the cumulative failure rate was too sensitive
<C individual times vetween fallure to enable quantification of
“he growth rate; during the filnal stages of the development
program, the cumulative rate incorporated too much history and
did not react quickly enough to what were perceived as effec-
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A common procedure for programs in which several differ- ;
ent types of testing or phases are scheduled is to assume, at %
least for initial planning purposes, that the Duane model will
pe applicable, but that the growth rates will be different for
the different phases. The growth path 1s then piecewlse linear
on a log-log grid, specified by an initial cumulative failure
rate together with the sequence of growth rates and durations
of the various phases. Letting tj denote the test time at the
end of phase J, c(tj) denote the cumulative failure rate at the
end of phase J and aJ the assumed growth rate throughout phase J,
it can be shown that

c(t,) t, \"%j
C_(TL_Y = (——L) j=1,2,_'_
j-1

tj-l

where c(to) and t, are specified as the initial cumulative fall-

0
ure rate and the initial time at which growth rate ay begins,

respectively. Given c(to),to,t and the growth rates

IEREEE
S EL IR the cumulative failure rates c(tl),c(t2),..., and

nence the growth path, can be determined.

2. The IBM Model

One shortcoming of the Duane model is the implication that
relliability growth can continue at a constant rate until, in
the limit, the failure rate goes to zero. By adding a third
unxnown parameter, a model proposed by Rosner [17] removes this
deficiency while still treating test time as the variable con-
trolling reliability growth. Rosner assumes that the system to
pe tested has both an inherent (unknown) failure rate A and an
(unknown) number N of "nonrandom" faillure modes due tc design
faults, manufacturing errors, workmanship defects, etc. The
removal of the nonrandom failure modes 1s the purpose of the
development test orogram. Letting k(t) denote the number of
such modes remaining at time t, Rosner assumes that the rate
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of change of x(v) is proportional to x(t), that is

Bll) - kek(o)

where K is an unknown constant of proportionality. Using the

fact that k(0) = N, the solution to the above equation is

k(t) = Ne KF

Thus, assuming that each nonrandom failure mode only occurs
once before being corrected, the expected number F(t) of fail-
ures occurring by time t is given by

F(t) = At + N-k(t) = xt + N(l-e'Kt)

The latter expression can be fit to the cumulative failure data
using a nonlinear estimation algorithm, yielding estimates of
A, N, and K.

The Hughes study [15] mentioned above termed this model
the "IBM Model" and found that it outperformed Duane and every
other model tested when applied to reliability growth data of
airborne electronics equipment.

3. The LRU-Age Growth Model

In analyzing failure rate data of electronic line-
replaceable units (LRUs), Bezat, et al. [18] found that the
mean age of the units was a key variable. Program data con-
cerning a Digital Air Data computer system developed by
Honeywell for use in the Douglas Aircraft Company's DC-10
aircraft were found to be well described by the model

Ai = K-H + A

where

g
i

Tz instantaneous equipment failure rate

~
i

= censtant
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mean age of egquipment population

growth rate

A limiting ("endless burn-in") failure rate

R

The model extends the concept of infant mortality throughout

the 1ife cycle of the equipment population--each time a unit

whose age is less than that of the populatlion average fai%s,

the reliability of the remaining population increases. The

authors propose using the model as a management tool by esti-

mating the model parameters in the following approximate fashion.

First, obtain estimates for K and o by fitting a line to a

log-log plot of fallure rate versus mean equipment age. Second,

assume that the initial (e.g., parts count) reliability predic-

3 tion, say A?, holds at a mean equipment age of 1,500 hours.

Then the difference between the failure rate predicted by the

fitted line at 1,500 hours and Af yilelds an estimate of AR‘

No relationship between resources invested and reliability

achieved 1s captured by the model. Furthermore, one possible
oroblam with using the model for program planning is the impli-
cation that for a fixed number of test hours, the greatest reli-

i ability 1lmprovement 1s achieved with the fewest number of test
specimens.

4. Limitations of Reliability Growth Models

Reliability growth models are typilcally simple to apply,
rezuire minimal da*a at an aggregated level, and enable future
grediction of wha. is, at best, a poorly understood quantity.
dcwever, the fact that all of the above mocdels fit certain sets
cf data reasonaply well underscores the most obvicus limitation
of such models--they are based upon empirical observations and
do not explain why the data behave as they do. Historical evi-
dence from simllar programs provides the only clue as to which
1 model should e chosen, 1f any, when a new program 1s begun.

" a sdecond 1limitaticn concerns the time frame over which such

3
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models are applied. Typically, reliabllity growth cannct be
modeled until end product testing has begun. If, from that
point on, the growth rate is slow, then it is the starting reli-
ability ("off-the-board") which may well dominate the mature
reliability of the equlpment. 1In fact, the starting value is
itself the end product of a large investment of resources, yet
growth models can only estimate that starting value after the
fact, too late to make those early resource allocations which,

most authorities agree, have the most leverage over reliability
achieved. In the electronics equipment area, several investiga-
tlions have been published regarding the effects on equipment
reliability of alternative resource allocations early in the g
development phase. Those studles are discussed next. ‘

c. STUDIES OF ELECTRONICS EQUIPMENT RELIABILITY

1. Defining the Costs of Reljability Programs

In order to be able to derive a functional relationship
between reliability growth and program costs, it 1is necessary ‘
to be able to define the latter quantity. That 1s not an easy 4
task. A large number of development program activities impact
reliability, but few are devoted exclusively to reliability.

Even when a specific reliability program is not part of the
development, a certain level of these activities, such as test-
ing, will be included. Reliabllity growth, therefore, is
related to a cost increment above what the same program would
cost 1In the absence of a formal reliability effort. In the
studies described below, each author has a different definition
of reliability program cost, depending upon the objectives of
nis study and the limitations of the accounting systems from
which his data are derived. A paradigm of many cost models and
one of the more extensive frameworks for defining reliabillity
crogram cost (for electronics equipment) appears in a paper by
Coprola [16]. The cost is divided into three elements--materials,

labvor (2xcluding test activity), and test costs (including labor

e
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and failure analysis)--~which are in turn factored into a large
numoer of subelements and overhead charges. Material cost is
crimarily the cost of parts screening. Labor excluding test
activities includes engineering costs {for example, including
design, parts programs, design reviews, etc.) as well as guality
control costs. Test costs are divided into the various types

of testing, including burn-in. The problem with the model. from
our perspective is that the inputs involve a circularity. In
order to specify costs of failure analysis, for example, the
equipment and subassembly field reliabilities as well as ratios
of development reliabilities to fleld reliabilities are required
as inputs. The latter values, however, would seem to depend
upon the investment in reliability which is the output of the
mcdel.

2. Reljability as a Function of Program Cost

One of the earliest attempts to relate reliablility achieved
to costs of development activities is reported by Hevesch [20].
Interested in effecting marginal improvements to "standard" pro-
grams in which no special reliability program existed, Hevesch
viewed reliability testing and failure analysis as necessary
activities, but not "primary" reliability improvement methods.
The latter were divided into three categories:

(1) Reliability-Oriented Design Review Activities

(circuitry simplification, stress reduction through
derating, etc.)

(2) "Ultra-Reliable" Parts Programs
(3) Introduction of Redundancy into Critical Functions.

In terms of total engineering research and development cost,
Hevesch found that total reliability program costs comprised
between two percent and eight percent of the average. Reli-
abllity improvement activitizs constituted 54 percent of the
total reliability program costs.
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Working with data from four system development programs,
Hevescn found that the costs for each of the above activities
increased linearly in proportion to the ratio e/eo, where 8
is the MTBF achieved with the improved design and eo is the
MTBF of the "standard" design. That is, treating each of the
activities as an independent contributor to reliability improve-
ment of the system, the ‘cost increment resulting from applica-

.th

tion of the i activity, 4C,, is given by

= o _

for some constants Ki’ i=1,2,3. Estimates of {Ki} and asso-
ciated incremental improvements to eo resulting from each
activity led to the conclusion that the second activity,
ultra-reliable parts program, was the most cost-effective
improvement method, followed by redundancy. Within the limits
of extrapolation imposed by the data, the author estimated that
a five percent cost increment over the engineering development
cost of a "standard" development program would result in a 10
to 12 percent increase in MIBF. A suggested percentage alloca-
tion of reliability improvement funds to the three activities
is alsoc given. ©One limitation of the study, recognized by the
author, is that the computed costs of the reliability improve-
ment methods do not look beyond engineering development. For
example, increased unit production costs resulting from the use
of ultra-reliable parts or added redundancy are not considered.

Similar in scope to the Hevesch study (but goling one step
further, in that testing is also considered a legitimate reli-
apility improvement parameter) is a study by Mercurio and Skaggs
of General Electric [21]. The objectives of this study were to
relate equipment reliability achieved to total reliability pro-
gram element costs, and to juantify the incremental improvements
©o 2guipment reliabllity accruing from investments in various

PR

1abilicy orogram elements. Rellability orogram elements
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defined by the authors, slightly different from the defini-
tions of Hevesch, are (in chronological order of occurrence):

e Design Program (including reliability predictions,
failure modes and effects analyses, design reviews)

e Par:s Program (screening, standardization, vendor
zontrol)

e Testing (evaluation, environmental screenlng,
demonstration).

Using data from the development program of 10 elec-
tronics eguipments, the authors were able to obtain cost
data, expressed in mandays, for each of the above elements,
as shown in Table 1.

Table 1. RELIABILITY ELEMENT COST DATA (EXPRESSED IN MANDAYS)
FROM GE STuUDY [21]

Reliability Equipment Letter Code

Eleraent A B Cc D E F G H J | K
Design

Program 6,330 ] 1,496 1,087| 658} 893 | 1,427 | T13 | 2,670 675] 1707
Reliability

Pradiction 3,165 1 1,036 761 452 487 649 549 207 527 544

Reliability
Designlieview 634 460 326 206 203 131 165 594 148 163

Reliability
FMEA 2,531 | ~-- --- -—- 203 650 - -—- --- -—-

Purts Program {12,026 ! 4,027! 2,174 986 |2, 467 | 7,467 |1,098 | 5,934 | 1,042 1, 142

Test Program 5,094 | 4,741 4,458|1,33211,989 | 1,989 834 | 3,343 815 946

Total R
Program 23,449 (10,264 7,71912,976 5,883 | 5,883 12, 645 11,947 | 2, 532L 2,795
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Using a comtination of available data and engineering
judgment, the authors were also able to obtain values for
system mean time tetween failures for each of the egquipments
after eacn element of the reliability program was completed.
The relevant zuantities are defined in Figure 2, taken from

the study.

r % % — %

-
RELIABILITY | RELIABILITY RELIARILITY
8, ——e DESIGN PARTS TEST - 9
PROGRAM FRCGRAM PROGRAM
S S Sy S

EFFECTIVE ACHIEVED MTBF WITHCUT RELIABILITY PROGRAM

@
"

L
[}

EFFECTIVE ACHIEVED MTBF RESULTING FRCM RELIABILITY DESIGN PROGRAM

8, = EFFECTIVE ACHIEVED MTBF RESULTING FRCM DESIGN PLUS PARTS PROGRAM

8 , MTBF RESULTING FRCM DESIGN PLUS PARTS PLUS TEST FRCGRAM

----- CORRECTIVE ACTICN FEEDBACK LOOPS

Figure 2. RELIABILITY PARAMETERS ESTIMATED IN [21]

The value of 9, was takarn <> Ze zne value computed at
razi:

the completion of demons: n T2.7ing. Working backwards,

IS

90 was computed by evaluating 2.1 =—he failure modes occurring
dhring testing. By comparing -ne cart failure rates actually
experienced with known rates f{cr similar rarts crocured with
no particular attention given tc the achievement of high reli-
ability, the contribution of the rar+ts rrogram, and hence ed’
W7as computad. Finally, Si was computed for =sach equipment

oy comparing initial designs with those which evolved from
the reliability design program effort. The computed values
ab

o
for those rarameters are shown in Table 2.

’,‘J
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Table 2. INCREMENTAL EQUIPMENT RELIABILITY DATA FROM 721 1

Off -the | Initial « { Design + | Design + Parts Resultant i

Equipment | Board Design Purts + Test Design Parts Test Equipment |
Letter MTBF | MTDF MTDF MTBF Gain Gain Gain MTBF

Cude d 04 92 o, ¢

& Yg ’p €t Gy = ? Gy = b4 Gy = e_p R l

A 7.0 20.0 95.0 1350.0 2.9 4.8 14.2 1350.0 L
B 2.0 3.0 | 1.0 225.0 1.5 3.7 20.5 225.0

C 3.0 5.0 | 16.0 188.0 1.7 3.2 11.8 188.0 L

D 5.0 8.n 25.0 225.0 1.6 3.3 8.7 225.0 r

E 1.0 1.5 1.0 141,0 1.5 2.7 35.3 141.0 L

F 11.0 15.0 67.0 501.0 1.4 4.5 1.5 501.0 [

G 5.0 8.0 20.0 46.0 1.6 2.5 2.3 46.0 R

H 2.0 5.0 15.0 281.0 2.5 3.0 19.1 287.0 ;

J 3.5 7.0 25.0 133.0 2.0 2.6 5.3 133.C 1

K 15.0 22.0 60.0 209.0 1.5 2.7 3.5 209.0 (|

*60 LCL T

Multiple regressions were run for both the MTBF data and
Galn data of Table 2 versus the costs of Table 1 and the parts

counts, NPK’ for each equipment. The MTBF equations tended to
explain the data better. The resulting equations are as follows:
= b 0.921
ei = (1.061x10 )/NPK
= 0.956 0.300
84 = 0.211(s, 1(Cy )

= 1.134 0.185
6, = 0-585(6d )(Cp )

g— L e eween || e e

= | 0.683 0.741
8, = 0.094(9.D )(Ct )

3.247,

.SCE(Cd )

1l




6, = 0.0064(c " 97%)

Thus, above some threshold, testing yielded the greatest reli-
ability gain per unlit cost, followed by design activities and
finally, carts programs. (This 1s Just the opposite finding

from Hevesch regarding the last two elements.) In contraét to
the findings, the average actual resource allocations from the
test sample were approximately 22 percent for design, 40 per-
cent for parts programs, and 38 percent for testing. No total
test hours or percentages of total engineering development costs
allocated for reliability are given, so a comparison of the over-
all reliability efforts involved in the data sample programs can-
not be made with those programs used to provide data for other
studies. One final remark concerns the equation for et given
above. This equation is of the same form as the Duane model,
except that the parameter is test cost instead of test hours.
Only 1if Ct
would the two models agree.

is proportional to t(a/O.?b) for some value of a

Virtually the ldentical methodology was used in a study
[22] by Schafer, et al. at Hughes Aircraft two years later.
Whereas Mercurio and Skaggs focused on airborne equipment, the
latter study focused on ground electronics equipment. Again,
the authors defined three reliabllity program elements--design,
varts, and testing (referred to as "evaluation" in their study)--
ottained ccsts in mandays, and estimated incremental reliability
gains for the three program phases. The cost and gain data,
che latter shown only for those equipments used to derive the
functional sgquations, are given in Table 3. In comparing Tables
1 and 2, note that the Hughes design costs (reliability-related
snly) are nuch smaller; the parts costs are about the same in

udiz2s, and the test costs are also somewhat lower in

the Hughes study.




The incremental reliabllity values shown in Table 3.B were
obtained by working tackwards, as in [21]. However, both eE
and GP were obtained by fitting "Duane" lines to the failures
versus test nour data. The flnal instantaneous values so
obtained are the eE's (except in two cases where demonstrated
values were used) and the initial computed values are the eP's.
The aD values were found as in [21]. The estimates of ef
were obtained from BD by assuming that the design gains were
equivalent to the ratios of contractually specified MIBF's
(demonstrated by all but one of the equipments) to initial

reliability predictions (made prior to any reliability design
effort). ’

Schafer, et al., analyzed the data by running five differ-
ent types of regression models on 124 different variable com~-
binations including those shown in Table 3 plus rellability
specifications, predictions, and equipment parts counts. The
results, which include equations estimating program element
costs as a function of the latter three variables as well as
equations expressing reliability gains as a function of
resources, can obviously not be presented here. However, to
compare the results with those of [21], the equations for
incremental reliabillity improvements which best flt the data
are:

Q -
;) - u.9“911.1,)(% 0.26,
L 1.15 .26
35 = 0.19(s ) (Cp )
_ 0.014,. 0.29
3 = 18.6U (6, Cx )

~ 0.34
G = 0.27(cy )

@

Q
Gy = 3.19(CPO'2'>
3. = 2.200020(c trE
16
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With ivne exception > the anomalous eguation for eD,
apparently driven by =juirment number 10, and the weak depen-
dence of SE on GP, apparencly driven by egquirment number 6,

the equations are guite similar in cost exponent magnitude to
chose o 217 given atove. In 3 section dealing with optimal
allocation 28 a fixed tudger o7 development program resources,
Schafer,

e d

snoculi Te stent on testing, only slightly above the lower bound

21. concluded that within the bounds defined by

t
o}

[$V]
ot

2T
a set, essentially as much as possible (60 percent)

orn parts crograms (39 percent), and as little as possible on
rellabilrlsy design (1 percent). Note that this order of prior-
ity agrees with the Hevesch results.

joing veyond the above studies to Ilncorporate post-
oroduction activities is a model proposed by Butler [23].
Working at a much more aggregated level, his model is of
the form i

System MTBF = MTBFp (RS)(Rm)(Rf) !

where MTBFO is the inltiazl reliability prediction (ei in the
notation of [21], Rg is a factor representing the total effect
i on reliability of the development program (i.e., collapsing all
of the reliability elements discussed above), Rm represents the
manufacturing influence (process control, vendor control, burn-
in testing), and Rf represents the combined effect of the fileld
environment, operator skill level, logistics support, etc. (Rf
is included by Butler for completeness but not guantified).
Butler's objectlives in prooosing the model are to be able to
(a) maximize system reliablility for a fixed production cost,
or (b) minimize production cost for a fixed reliability con-
straint, and in conjunction with the model, ne presents a
framework for computing the unit preoduction cost in terms of
the reliability parameters. That 1s, much llke the cost frame-
work prorosed by Coppola (19], Butler assumes that a one-tou-one

correscondence exists cetween the vector (MTBF _, Rg’ and Rq)

13
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and unit oroduction cost, and the latter value 1s easily deter-
mined. Before describing his model, Butler's paper contains

a Jualicvative discussion of the most notable aspects of the
reliability portions of 14 electronics equipment development
crograms. Data are not extrapolated from those programs in a
format sulitavle for exercising his proposed model, although
nypothetical examples are given. .

Also dealing with aggregated data from both development
and field environments is the study by Hughes Aircraft [15].
One section of this'study providing a comparison of several
reliability growth models was discussed briefly in Section B
above. A second focus of the study was an attempt to compare
the dollars invested in reliabllity engineering to the measured
reliability growth of the 270 equipments comprising the data
sample.

All programs were classified as belonging to one of three
categories of reliability "aggressiveness," as determined by
their levels of expenditures in reliability engineering. The
categories were defined as fecllows:

"Aggressiveness" No. of Programs
Catagory Definition in Category
R1 No program acgquisition costs 143

expended on reliability.

32 Less than 1 percent but more 60
than 0 gercent of total pro-
gram acquisition costs
expended on reliabilicty.

33 More than 1 percent of total 67
orogram acguisition costs
expended on reliability.
It should be noted that not all of the 270 programs were Hughes-
develored ejuipment and, Iin classifying those programs into the
agove categories, a specific reliability engineering budget
vem was required. If none was found, the program was put into

2atezory RL. Thus it 13 pessiple that many of the elements of

13




a reliability program (as distingulished from a "standard" pro-
gram with no reliabllity emphasis) may have been included in
some of the Rl programs provided their costs were allocated to
nonreliability budget items. The authors do indicate, however,
that they are reasonably confident the above classification
reflects the relative emphasis placed on reliability during

the various programs. Also note that the overall levels of
expenditures are somewhat lower than the levels (two to eight
percent) reported by Hevesch [20].

In addition to being categorized by aggressiveness, pro-
grams were also categorized as either ground egquipment or air-
borne equipment. Both development test and field data were
carefully filtered to remove secondary failures that were
caused by other relevant failures.

The Duane reliability growth model was used in all cases,
having been previously determined that the model fit all the
orogram data reasonably well. Reliability growth was expressed
as both a rate and a "gain." The rate is the shape o of the
Duane curve. The gain is defined in two ways--

Observed Final Cumulative MTBF

RG) = Taloulated Initial Cumulative MIBF

= _Calculated Final Cumulative MTBF
2 Calculated Initial Cumulative MTBF

RG

and represents the factor by which the "off-the-board" reliabil-
ity as calculated from the Duane curve (initial estimates were
felt to be too arbitrary to be used directly) had been improved
through reliabllity growth.

Table 4 summarizes the study findings. As one might
expect, the higher the level of reliability expenditures,
the greater the growth rate. However, the relliability gains
were larger in all cases for level of expenditures R2. This
somewhat surprising finding is explained by the authors as

follows:

20
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The larger expenditures concentrated more funds in
the design phase (as against testing) and the system/
equipment was prctably better (less design/workman-
ship faults) when testing started so there was less
galn to be had to achlieve the limiting cumulative
MTBF.

Table 4. RELIABILITY GROWTH VERSUS RELIABILITY ENGINEERING
COST FROM HUGHES AIRCRAFT STUDY [22] .

Average Reliability Gain
Reliability Engineering Average
Cost Reliapility Growth | Ground Eguipment | Airborne Equipment

Category Rated

RG, RG2 RG, RGZ

Rl 0.30 3.88 5.42 3.09 5.03

R2 0.37 5.79 9.98 5.1 7.65

R3 0.45 4.02 7.10 2.7 3.97

3Combined Ground and Airborne Equipment

Alsc, many cf the data sets were borderline between categories
R2 and R3. Nevertheless, the formulas for RGl and R62
a clear linkage between operating hours, growth rate, and gain;

create

implicit in the findings shown in Table 4 is that the R3 pro-
grams, on the average, had fewer operating (test) hours than
the R2 programs.

1 and RG2 in the

Table are not explained by the authors, but would indicate that

The consistent discrepancies between RG

the Duane Curves, which ylelded the numerator of RG2 and denomi-
nators of both RGl and RG2,
reliapility in the later stages of the measurement periods for

were consistently overestimating

the various equipments. The smaller gains for airborne equip-
ment versus ground equlpment were attributed to the fact that
the former equipment undergoces more environmental and screening
tests prior to final assembly, and, therefore, has a higher
off-the~poard MIBF, with less growth potential.

21




Finally, not evident in the Table was an additiocnal find-
ing concerning development versus field reliability growth.
"Gains" during develooment were found to be approximately twice
as large as gains on fielded equipment, and the development
reliability growth rate was found to be approximately 30 per-
cent higher (a = 0.36 versus a = 0.28) than that for fielded
equipment. .

3. Designing R&M Programs to Minimize Life Cycle Cost--the
FAA Approach

The above studies were basically concerned with making
marginal improvements to equipment reliability through resource
investments in selected program activities. A much more compre-
nensive objectlve appears in a paper by Lakner, et al. [24],
detailing a proposed methodology to be used by the Airways
Facilities Service of the Federal Aviation Administration in
crocuring National Airspace System equipment. The objective
i1s to establish and then achleve the R&M goals which minimize
guipment 1life cycle cost, taking into account the contribution

[t}

0 acguisition costs of the R&M improvement program. The reli-

<t

apility improvement contribution stems from six distinct pro-
gram elements:

® Parts Selection

® Derating

e Reliabllity Growth Testing
® Assembly Screening

e Vendor Surveillance

® Reliability Program.

The first chree elements have appeared in studies mentioned
above. The fourth and fifth elements represent the recogni-
tion that a decrease in reliability generally occurs during
the transition from develorment o groduction. Screening
“asts (e2.g., stress testing) eliminate incipient failures from

~he manufacturing crocess, and vendor surveillance Is 3 3juality
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assurance activity. Finally, the sixth element aggregates the
overall level of reliability effort and program emphasis on a
qualitative measurement scale. An example will be presented
below.

As described in the article, the authors propose a three-
stage R&M planning process which appears to be aimed at strik-
ing a compromise between a true optimization approach and‘an
approach which is implementable. The goal of the flrst stage
is to obtain a functional relationship between R&M improvement
activities and acquisition costs. The process is illustrated
in Figure 3, apparently from an actual case study by the authors
though presented in abstract form in the article. Discrete
levels of each program element are first defined. Next,
selected combinations of those levels are used to define alter-
natlve reliability programs, varying from all elements at the
lowest level (the "standard" program in our previous terminology)
to all elements at the highest level (the "state-of-the-art").
Implicit in Figure 3.B 1is the assumption that the costs and
reliability improvement corresponding to each of these levels
can vbe guantified. The authors suggest simulation, Duane
growth models, etc., as tools for obtaining the required values.
(Qur survey of previous studies above suggests that the neces-
sary data and methodology may, in fact, exist.) Finally,
plotting the values so obtained allows the required curve to
be estimated. Similarly, a curve of maintainability improve-
ment (measured in terms of mean time to repair) can be obtained,
after adding modularity and diagnostics (e.g., bullt-in test/
fault isolation test) to the list of program elements with
associated discrete levels of activity.

The second stage of the planning process uses the R&M
acguisition cost versus effectiveness curves to minimize the
tctal R&M contribution to life cycle (acquisition plus 0&M)
20sts over the range of possible R&M parameter values. The
J%4 cost contribution can be obtained from standard models
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o the costs of corrective maintenance (including spares), pre-
ventive maintenance, and maintenance training as a function of
the R&M parameter values. In principle, once this minimization
is complete, the optimal values of MTBF and MTTR are determined,
and the program yielding those values can be implemented. How-
2ver, since there are only a discrete number of such programs,
none of which may correspond to the optimal parameter values,

a third stage is needed.

The third stvage 1s the actual test planning process. As
descriped by the authors, the second stage above 1s used to
merely ascertain how close the "optimal" parameter values lie
to the state-of-the-art limits (e.g., 63 in Figure 3). Based
on their proximity, the authors suggest how tradeoffs should be
made between growth, demonstration, screening and acceptance

testing.

Thus, the proposed methodclogy falls short of the "idealized"
olanning loop of Figure 1, but 1s much more ambitious than pre-
viously published efforts. One notable omission from the approach
is the possible discrepancy between reliability measured during
development and reliability measured in the field (apart from
infant mor<tality or quality control causes).

4, Demonstrated Versus Field Reliability

A number of studies have recognized and attempted to guan-
£ify the disvarity between reliability (MTBF) measured in the
Ifield and reliavility demonstrated or predicted during develop-
ment. The consensus to date, however, appears to be that a
general functional relationship does not exlst, and the most
accurate means of predicting field reliability for individual
systems 1s to obtain field data for similar systems in similar

orerational and maintenance environments.

0
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One common method of transforming development reliability
to field reliability is the "K-factor" approach, wherein the
demonstracted/oredicted reliability 1s multiplied by a number
of adjusctment ("K") factors to account for definitional, opera-
tional, and environmental differences between the two measures.
Shelley and Stovall [25], for example, define 15 such factors.
Using data on 35 equipments from the C-5A program, those authors
se2lected four of the K-factors--(1l) ratio of unscheduled removals
to verified failures, (2) ratio of equipment operating hours to
flight hours, (3) operating environment differences (temperature,
vibration levels, humidity, etc.) based on intuitive engineer-
ing judgment, and (4) ratio of total laboratory failures to
"chargeable" (back to the contractor)/"relevant” failures--to
jJuantify in order to attempt to fit equations to the data. The
results were unsatisfactory. While 1t was concluded that the
definitional differences (factor (4) above) played an important
role in explaining the discrepancies between the development and
field reliabilities, the adjusted field MTBFs averaged only 47
cercent of the demonstrated MTBFs. The authors did not obtain
useful predictive equations, and, in addition, the ranges of
values of the K-factors over the 35 equipments (1.0-1.58, 0.05-
2.63, 0.5-2.3, and 1.0-6.0 for factors (1) through (4), respec-
tively) imply that this approach cannot be generalized beyond
the individual equipment levels.

A study reported by Kern [25] concentrated on similar
factors. Working with historical data for 16 avionics equip-
ments, the raw field data were first adjusted for definitional
factors (e2quigment orerating hours, failure countability cri-
teria) after which a new field MTBF was computed. The applica-
cion of this definitional adjustment brought the average ratio
f development MTBF to field MTBF down from 6:1 to approximately

4:1. ZX2rn explained <he remaining discrepancy in terms of
averastional factors (maintenance handling, utilization rates,

2
'y
miszsion durazicns, etec.) and 2nvironmental factors, with about

O
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E nalf of the discrepancy explained by each. However, as in [24],
the range of field to development ratios was large (0.07-1.27),

; and the author was not able to obtaln a good statistical fit
to the data. One interesting finding of this study, however,

i which may nelp in part to explain the difference in adjusted
field versus development MTBFs in [25], was that a large per-

' centage (39 vercent) of the fis=ld maintenance actions were

caused by =quipment interfaces.

t Finally, a study by Boeing [27] on 112 avionics equipments
comparing raw Air Force and Navy field data to demonstrated/
oredicted MIBFs, also found that definitional factors, equip-
ment operating hours versus flight hours in particular, were
oprimary contributors to the discrepancies between the two
measures. However, over a wide range of alternative functional
forms, a statistical model explaining the observed discrepancies

. could not be found.

-~

Clearly, if fileld reliability cannot be predicted from
develoopment relilability wich any accuracy, then functional
relationshics between resources invested in reliability during
development and development reliability achieved cannot be
linked to mcre global measures of cost-effectiveness such as

1ife cycle cost minimization. lsc, if the interface problem

5 of the magnitude implied by the Kern results, then it may

[

not make 3ense To separately analyze individual esquipments
when they are components of a more complex system. Neverthe-

less, prediction of field reliability from development reli-

apiliicy snould not be an intractable problem, and mcre analysis

s warrantad In this ares.

0. STUDIES OF RELIABILITY GROWTH DURING HELICOPTER
f DEVELOPMENT PROGRAMS

. The Investligations into reliabllity growtn of electronics
s accve were grimarily comparative analyses
ol

cleccive ¢f maxing marginal

' 27




improvements to a methodology for developing equipment which

is apparently well understood, at least at an intuitive engi-
neering level., Helicopters, on the other hand, pose a more
complex, less understood problem for several reasons. First,
historical data are much more scarce. Only a few programs

have included formal reliability efforts during development,

and those are too recent to have generated studies of the.type
discussed above. Second, helicopters are composed of a varied
collection of complex subsystems that are themselves the sub-
ject of an intertwined collection of development programs. The
problem of reliability apportionment--setting intermediate goals
for all of the subsystem reliabilities such that the total sys-
tem goal is equaled or exceeded--must be addressed. And finally,
there 1s an extensive menu of alternative test activities from
which to choose, each testing some subset of the set of sub-
systems at a given operating rate and cost.

The studies described below tend to focus on historical
data from a single helicopter type in order to derive a method-
ology for planning future programs. Also, while life cycle
cost minimization is not always the stated objective, the reli-
abllity parameter of interest tends to be mean time between
removals (MTBR), historically the primary driver of the reli-
ability contribution to ownership costs of fielded systems.

1. Reljability Growth Studies by Boeing Vertol

The most widely quoted study concerning the tradeoff
petween resources involved in reliability and reliability
achieved for helicopters is a study by Rummel [28], with
accompanying volumes by Aronson {29] and Jines [30]. The
objective of this study was to develop a methodology for for-
mulating cost-effective reliability test programs for future
nellcopters, given the contractual numerical relliability
requirements. Undertaken 1in advance of the UTTAS (3lack Hawk)

crogram, discussed in Chapter II btelow, the focus of the study

)
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g was on nelicopters in the 15,000 1lb. gross weight class, similar
to the Black Hawk. Helicopters in the 90,000 1b. class were

‘ also treated, in anticipation of a possible HLH (Heavy Lift Heli-
copter) program, although the latter helicopter was the sudject

|

of a follow=-on reliabllity growth study to be discussed delow.

The Rummel study approach was to first use historical fail-
' ure rate (MTBR) data from the CH-47 program to develop a list
of "off-the-bcard" failure modes, with associated failure rates,
i credicted for the future nelicorter. Second, the apilities of
different types of testing to uncover the various failure modes
‘ were estimated. rlnally, various combinations of those tests
were compared with respect to both cost and regquired development
orogram duration in order to achieve the overall reliagbility
‘ goal. Demonstration requirements (objective, duraticn, consumer

risk, producer risk) were treated parametrically.

] ‘ Rummel divided the various xinds of relliability tests into

five general types.

| .

(Type I) 3eneral Design Develovment Tests - Those tests (stress,

fatigue, etc.) which support the design by aiding
! material and configuration selection and component
sizing. Conslderable flight testing, such as struc-
’ tural demonstrations as well as testing to establish
aircraft load, stability, and performance character-
l istles, falls into this category. These tests have
very specialized objectives and are not typically
reliapility-oriented.

(Tyove II) Reliability Probiem Identification Tests - These

tests (also termed "endurance," "gualification,"

or "service" tests) are designed to determine the
2Xistence, rate, and cause of reliability problems
and whether corrective action 1s necessary and/or
2ffactive. Examples of these tests are transmission

cench endurance, rotor whirl tower, tiz2down, and

29
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dynamic system tests. Flight testing to identify
reliability problems also falls within this category.

(Type III) Reliability Problem Investigation Tests - Designed
to understand field-identified reliabllity problems,
these tests may occur during either the development

or the production phase of a program. They are
specifically designed to reproduce certain failure
modes, but may be 2 scurce of future Tyre II tests.

(Type I7) Reliability Demcrstration Tests - The objective of

these tests is to orove to the customer that con-
tractual reliabilicy requirements have been met.
Jsually they are cocsformed by flight vehicles in the

10

Field once the design configuration has stabilized.

Sgecificactions f:or <hese tests are in the form of

a reliablilicy goal, 3 confidence level (level of
customer risk) at wnich that goal 1s to be demon-
strated, and a duration for the test. Given his
level of risk of failing the demonstration, the
croducer can determine his own reliabllity goal for

the system development program.

(Tyve V) Production Quality Assurance Tests - These tests

determine if the reliability level has been main-
tained in the transition from development to pro-
duction hardware.

Rummel was not concerned with Type I tests above. He considered
the costs of such tests to be fixed and (optimistically) removed
all failure modes from the "off-the-board" list which he felt
would be uncovered during such testing. Thus, "off-the-board"
defines the state of the hardware following such tests. Type

IV and V tests were also not considered. Other assumptions
underlying Rummel's approach are as follows:

{2) 1,500 Type I flight test hours are included in all
ca

.'.':,
ndidate development oprograms;
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(2) lead times and operating rates of the various test
techniques are fixed;

(¢) alternative overall test program durations of three,
four, and six years are examined with the duration
determining the number of test rigs and test articles;

(d) if a test technique 1s capable of detecting a failure
mode, that mode will occur within a period of testing
equal to twice the assoclated MTBF;

(e) corrective action for detected failure modes is
immediate;

(f) 2ll components have the same MTBR goal, chosen such
tnat the overall system MTBR goal (which is varied
parametrically) 1s achieved; and

(g) in specifying the individual test durations, the test
lengths are sized to the lowest component MTBR output
(1.e., some component MTBR levels may exceed their goals
in order that the lowest component MTBR just meets the
goal).

The costs of the various test techniques, assumed operating
rates and lead times are shown 1n Table 5, extracted from the
study. The costs as shown deo 1nclude test equlpment but do
not include the cost of test articles (including flight test
vehicles). Also not included are the costs of corrective
actlions resulting from fallure mode detections. Rummel did
estimate, however, that on the average 700 manhours are expended
per faillure mode for corrective action. The high cost per
flight hour for Type I flight testing ($13,500 for the 15,000
lo. helicopter) is due primarily to engineering and manufactur-
ing support labor costs.

It is impossible to reproduce all the test program results

O

f the study, but some representative findings are displayed in
Figure 4. In the Figure, "Demo-In" and "Demo=-Out" refer to
having the reliability demonstration during development or after
development, respectively. In the former case, the time interval
for problem identification testing is shorter (one year less)
than in the latter case, and the cost per hour of demonstration

+

testir assumed to be higher (see Table 5); however, the

<
I.b-
V3
G
}A
[ 7]

3

of the demonstration are xnown prior to oproduction.
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Table 5. RUMMEL STUDY TEST COST, OPERATING RATE SUMMARY
Schedules - i
-7 Helicopter "A” nel icopter "B
Costs (FY71 §) Lead Ooer Lesd .;u:— h —‘L;ad _Up; o
-] lime Aate lime Rate Tume Rate
Technique Ot-47 nelicopter “A-? telicopter -p-° (-:n[ M__) {m ) | it 1m0 V| (o} | (e )
Type § (3 milhion) ($ millton) (3 mi1hion)
Fatiyue Rotor Lumponents 3. 46 3.06 419
fatigue Cantral Compunents 0.76 0.67 0.9 (Detatled scheduies are not 'required to
6.12 5.4§ 9.16 derive Type [ ground test costs )}
Fatigue Orive Components 1.56 110 10
Stagic Lued 0.)4 0.3 0.46
m“(;zl::h:::;una. etc.) 0.35 0.31 0.48
fhignt 26.40 20.% 19.00 % [} 2 0 6 0
(1,700 fiight hoursi (1,500 fiight hours} {1.500 flight hours)
Noo- Non- Non-
ype 1t "Tiirhood | "thime s | Titeaoe] | “(i/meat” | Libi000) | Cameet
Controis Bench Back-to-Back " EH) M 4 2n 1] 1] 500 6 500 L] SR)
Controls Bench Single Spec lmen “" 3 14 n 166 46 500 6 500 6 My
1 iedown 4,190 2,200 2,300 1,700 24 165 4 165
Dynamic Systems Test N/A N/A 2,020 580 NA N/A 20 200
whiri fower 1,430 650 2,580 220 6,187 126 1] 350 20 150 22 %0
tud Bearing 24 16 N/A N/A 144 49 § $00 A1) N/A 9 W
Transmission Open Loop 2,284 154 2 350
Tait Rotor whirl Tower N/A N/A 1% 1o NA L1} LI wa 16 400 nA WA
Flight N/A n/A 2.500 4,630 /A N/A rl 10 26 10
——
rpe W
flight (Develojment Phasel 2,500 LI} 50 "
L-.fliq'll (Operational Phasel 200 200 A S0 « |

415,000 1b. gross weignt single rolor

90.000 Ib. gross weight tandem rotor

MTBR* denotes the reliability goal to be demonstrated at the
indicated confidence (customer risk) level.

13 always taken to be 80 percent.

stration level.

e Of the cost variables studled,
approach (demo-in or demo-out)
levels to be demonstrated have a greater cost 1impact

The producer risk

Note from the Figure that
the Type I test costs (assumed fixed) always exceed the problem
identification test costs, even at the most demanding demon-

Other conclusions of the study include:

the demonstration
and the rellability

than the mix of technigues used in the program or the
elapsed time of the program.
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70 Test key
{A) Demonstration Test
(B) Problem Identification Test

60 (A) (C) Corrective Action and
Environmental Tests

(D) Type I Ground Tests
(E) Type I Flight Tests

50
s
= (A)
- A 4
i 40 (8) @
- A
s (8) A
= (8)
2 30 (8) (A)
8 (B}
2 (c) (€)1 () (0 ~~(c)
2 (0) (D) (D) (D) (0)
20
10 (E) (€) (8) (E) (€)
i 2 3 4
0 5
Demonstration Approach Demo-in Demo-In Demo-0ut Demo-Qut Demo-0Out
MTBR* (Hours)/Confidence (%) 1,000/90 1,500/90 1,500/90 1,500/30 500/30
Elapsed Time (Years) 4 4 4 4 6
Required MTBR Acnhieved (Hours) 3,000 4,750 3,000 1,900 590
Demonstration Duration (Hours) 5,500 9,000 25,000 2,400 1,500

Figure 4. RUMMEL STUDY [28] SAMPLE RESULTS

e Once the length of the program is fixed, the program
cost 1s relatively insensitive to the mix or operating
rates (varied as an excursion) of the various test
technigues.

e 3roader consideration of design effort, relliablility
apportionment, acquisition costs and 0O&M costs in
the context of life cycle cost minimization would
ce desirable in future studies of thls kind.
Concerning the study assumptions listed above, assumptions
(d) and (e) are particularly critical in driving the study
results, in drawing comparisons between this study and other
neliccpter studies to be discussed below, and in comparing
ore-production versus post-production reliabllity programs.

Tor sxampls, ore additional finding of the Rummel study is
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that there 1s a direct relavionship between a percentage change
in test program cost and a percentage change in the number of
off-the-ooard failure modes present. That 1is, if, for example,
the off-the-bocard MTBR is doubled by doubling the number of
failure modes (keeping the distribution fixed), then the test
costs will double. To compare this finding, with, say, the
Duane reliability growth model, the latter requires a 2(l/a)
increase in test time for each doubling of the initial failure
rate. For a Duane growth rate a = 0.5, a fourfold increase in
test time is thus implied; for a growth rate a = 0.20, similar
to those measured for recent helicopter development programs
discussed in Chapter II below, a 32-fold increase 1s implied.
Assumptions (d) and (e) also imply that more attention than
might %e justifiable snhould be paid to low frequency (high MTBR)
failure modes since those drive the test size/duration require-
ments, and that shorter calendar time development programs are
less costly relative to longer calendar time development pro-
grams than they might be 1f failures were not detected and
corrected so guickly. In [30], sensitivity analyses to (d)

and (e) confirm this fact, indicating as shown in Table 6 that
program cost also increases 1in proportion to corrective action
efficiency. (Thus a Duane o of 0.5 corresponds to a 4 x MTBR
corrective actlon efficiency in the Rummel study.) inally,
assumptions (f) and (g) indicate that the reliability apportion-
ment problem--optimal allocation of component MTBR goals to
minimize the cost of achieving the overall system goal--was not
considered. For that reason, and because only a small, heuris-
ally determined subset of possible test programs was evalu-

[¢]

i
ated, neitner the methodology nor the results are "optimal"
in a formal sense.

A follow-on study dealing with the HLE by Burden [31]
carried the Rummel apvroach one ster further by incorrorating
2% costs into the analysils. The objectlives of the Burden

3<udy were to (1) determine zhe relationship between
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reliability and life cycle cost, (o) design a test program to
minimize development plus 0&M costs, and {(c¢) identify the most
cost-effective reliability requirement for the HLH. Burden
considers 27 separate HLH components; the parameter of Iinterest
is MTBR.

The distribution of failure modes, the off-the-board MTBRs,
the effectiveness of the various test techniques, test costs
and operating rates are all taken or extrapolated from the
Rummel study. Test programs are proposed which achieve various
alternate levels of initial production aircraft reliability.
The fleet 1life cycle 1is simulated using a Monte Carlo model.
Fleet sizes of 50, 100, and 200 aircraft with utilization rates
of 30 hours per month and 60 hours per month are evaluated.
Additional study assumptions include the following:

(a) An extensive component development (Type I test) pro-
gram 1lncluding the fabrication of one flylng prototype
and 100 hours of flight testing are assumed to have

occurred prior to this study. The costs ¢of this pro-
gram are considered sunk.

(b) No calendar constraints are placed on the development
program (keeping the number of test rigs/articles to
a minimum).

(¢) Corrective action efficiency during development is 2 x
(component MTBR) to detect and fix each failure mode.

(d) The production rate is two aircraft per month. The
fleet life is 10 years following the last production
alrcraft.

(e) Reliability growth continues throughout the useful
life of the fleet. Corrective actions on fielded
systems (ECPs) are assumed to be initiated after 15
occurrences of each failure mode and then require
three years to be implemented.

(f) No discounting is used in computing 0&M costs.

Findings and conclusions of the study linclude the follow-
ing:

¢ "Optimal" development test program costs are approxi-
mately equal to the fleet 10-year O&M costs, as shown
in the feclleowing sample results spanning the range of
alternatives Iinvestigated:
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Fleet 1C~Year
Test Program Cost O&M Cost
Fleet Size Utilization (FY73 $ Millions) (FY73 ¢ Millions)

50 30 hrs./month 33.5 3.5 j
200 60 hrs./month 69.0 53.0

e The test program costs break down into

Flight Tests 25% - 309%
Other Tests 25% - 35% '
Corrective Actions 35% - 50%

¢ The "optimal" reliability requirement 1is gquite sensi-
‘ tive (the ratio of the lowest to highest value is
about 2.5) to fleet size and utilization, driven
primarily by the spares component of the 0&M cost.

‘ e Life cycle costs, however, are not sensitive (within
a range of say +50 percent) to achievement of the
optimal reliability requirement. The assumption of

! reliabllity growth in the field mitigates the increase
in O0&M costs resulting from poorer initial reliability.

e Under the assumption of no reliability growth in the
‘ field, the optimal reliability requirement, as well as
l the minimum 1life cycle costs and corresponding develop-~
ment and C&M costs, all 1lncrease by about 30 percent.
‘ Also, the sensitivity of life cycle cost to reliabil-
ity regquirements increases substantially.

‘ 2. Reliability Growth Studies by Sikorsky

' In parallel with the Rummel study, three authors at
Sikorsky Aircraft were alsc 1lnvestigating the relationship

vetween reliability objectives and development program costs
for helicopters of approximately 15,000 1lb. The Sikorsky study
T32] 1s more jualitative than the Rummel study and more closely
tied to historical data, perhaps because the H-3 helicopter
orogram from which those data were taken involved a 17,000 1lb.
single rotor nelicopter, very similar to the hypothetical heli-
copter of interest.

The Slkorsky study consists of several loosely related
sections. One section compared the relative frequencies of

52on systems during development versus in-field use. The

' failure mecde occurrences for H-3 rotor systems and transmis-
SN
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investigation found large discrepancies between those fre-
Juency distributions. For example, bearing failures accounted
for approximately 50 percent of the main gearbox development
failures but only 13 percent of the field failures. On the
other hand, almost half of the field faillures could only be
categorized as '"miscellaneous," versus only seven percent of
tne development fallures. Leaking seals accounted for a high
percentage of the field failures of both the intermediate and
tail gearboxes, and voth the main and tail rotor heads; such
leaks were a minor source of failures during development.
Absolute differences between faillure rates during development
and iIn the fleld were not compared. The authors' purpose in
comparing relative frequencies was to ascertalin whether changes
to the H-3 development test program were warranted in design-
ing a program for the new helicopter. While many of the
observed discrepancies in the frequencies can be attributed

to corrective actions made during development, the authors Y
did conclude that more environmental conditions needed to be g
simulated during the qualification segment of the test program. 3

A second section of the study deals with accelerated
(overload) testing. A quaiitative discussion of the philosophy
of employing accelerated loads and the potential calendar time
reductions in the development program is presented. ]

The main section of the study deals with the test cost
versus reliability achieved Iissue. The authors propose a five- <
year develorment test program (including the reliability

i~

demonstration), chosen from four variations of the H-3 devel-
orment program and incorporating the environmental testing
discussed above (but no accelerated loads). The reliability
varameter of interest 13 again MTBR, although the focus, for
demonstration purposes, appears to be only on the combined
MTBR of the transmission system and rotor system components.
Three such MTBR values--~500, 1,000, 1,500 hours--and three

¥ cuenrs WS Sy

iemonstrated lavels of confidence (customer's risk)--30, 60,

L
(@]
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S0 percent--are examined. The study does not trade off dif-
ferent mixes of tests in the manner that Rummel did. Instead,
one duration is chosen for each MTBR and confidence level
demonstration, which implies an MTBR to be developed (to
satisfy the producer's risk criteria), which in turn implies

a certain amount of component testing. ince the mix of
testing is fixed, the five-year calendar time constraint
together with test operating rates force a certain number of
test specimens, and the test cost can be determined.

The costs and operating rates of testing are quite
similar to those given in [28] and are reproduced here in
Table 7 for possible future reference. Unlike Rummel's study,
nowever, the effectiveness of testing is presented in a manner
that 1is component ortented rather than test oriented. That
i5, Rummel estimated the capabillities of each testing tech-
nigue for detecting failure modes exhibited by all components
of the helicopter. The Burrcughs, et al. study estimates
the rapidity with which the failure rate of each component
will be improved as 1t undergces the given mix of tests. One
interesting finding of the latter study 1s that after the
first 3,000 test hours have elapsed, during which time little
Improvement in component failure rate occurs, the rate of
such improvement, expressed as a percent of the off-the-~board
failure rate 1s linear in test hours. (However, this finding,
wnile not explained in detail in the study, appears to be
oased on the comparison of H-3 failure modes detected during
Jevelopment testing with the duration of that testing. The
convribution of failure modes devected subsequently on fielded

ircraft to the test-effectiveness graphs presented in the
caper 1s not clear.) ine conclusions of the study are pre-
sented graphically, as development cost versus time curves
Jor 2ach demonstration requirement. In all cases, costs

cend to increase racidly for the first one and one-nalf years

acilizies are complste, 2and then at a

. - n TN e a
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decreasing rate until the demonstration reguirements have

oean met.

Table 8.

BURROUGHS,

ET AL.

The final program costs are summarized in Table 8.

[32] DEVELOPMENT TEST COSTS

VERSUS DEMONSTRATION REQUIREMENTS (EXPRESSED

IN FY71 § MILLIONS)
CONFIDENCE LEVEL TO BE DEMCNSTRATED (%) ‘
| 30 T 60 90
Demonstiration | - Test Cost | - _. Test Cost | Test Cost
Requirement éeiﬁ Plus ’ Cost Plus | ESZE Plus
(MTBR) © Demo Cost | Demo Cost | Demo Cost
500 hrs. 5.2 5.7 g 5.6 6.3 ! 5.9 7.8
1000 hrs. | 6.0 6.8 8.9 10.0 | 10.9 13.2
1500 hrs. 9.4 11.5 11.7 13.9 14.5 17.4

-

8Costs in this Table do not include flight testing or costs of aircraft
parts except for tiedown vehicle(s) at one million per vehicle.

Note that a tripling of the MTBR requirement results in roughly
only a doubling of the total development test costs (and even

a smaller muitiplier if flight testing costs are incorporated
into the test vrogram at a constant level for all demonstra-
tion requirements). In view of our discussion above concerning
the effscts of corrective action assumptions on the Rummel
study results, thls would appvear to be a very orvtimistic find-
ing. It may be related to the fact that the demonstration
rezulrement apprears to be restricted to the transmission and
and is certainly related to the linearity in

Detailed

rSLOr 3ystem,
test hours of test effectiveness as noted above.
comparisons cetween the Rummel and Burroughs findings are

Imrossible for a number of reasons:

(1) In -32] no distinction is drawn tetween Type I and
Tvee II testing. ALl such testing arrears %0 te a
41




legitimate variable in designing a test plan to meet
3 reliability goal, and the costs of all such testing
were included in the results shown in Table 8. This
reemphasizes a point made in discussing electronics
studies above--it is very hard to determine what costs
are attributable to an R&M program; not only do dif-
ferent programs put forth different definitions of
now reliability should be measured, as will becocome
aprarent in subsegquent chapters of this paper, but
different contractors, both philosophically and in an
accounting sense, nave different definitions of what
constitutes reliability cost.

(2) While [28] includes the reliability improvement (but
not the cost) accruing from 1,500 hours of flight tests
in each proposed development program plus both the cost
and effect of additional flight testing, [32] viewed
flight testing as being related only to performance
and, hence, none was included.

(3) In [32], all demonstrations are assumed to be accom-
plished in ground tests, while flight testing is used
in [28]. As a result, in the latter study bot:i the
magnitude and relative sensitivity of test costs to
demonstration requirements are much greater.

While both [32] and [28] were completed just prior to and
in anticipation of the dev=1lovment program for the Utility
22223l Transport Alrcraft System (UTTAS--later the Black Hawk),
c22:2na 3ixorsky study [33] was published shortly before the
s that development program. Although much more
-1 l.n 322pe, concentrating on detailed helicopter drive
:=:>i13n considerations, the latter study is of interest
- -x% of tnls chapter for several reasons. First,

vt T an
I oa2n

t

suide o0 applylng the Rummel approach
i %2 nere as "Generali:zed Test Flan-

i, “oat mesnhcd is essentially revudiated

oJ

i
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on the grounds that (a) too many poorly understood quantitative
assumptions are reguired, and (o) it may not be easily adapted
to new test technijues or advances in technology, such as new
typves of structural materials, which may eliminate whole classes
of failure modes, but also introduce new ones. Advocated
instead, at least for helicopters like the Black Hawk, are
crograms patterned on the UTTAS drive system development tests,
cresumably arrived at through more heuristic application of
angineering experience, on the grounds that the latter program
was highly successful. Second, going back early in the design
phase of a new system, one objective of [33] was to attempt to
relate numerical reliability requirements to engineering design
varameters such as stresses or bearing lives. The attempt was
unsuccessful, cecause sufficient data did nct exist for estab-
lishing failure rates over time (hazard functions) for individ-
ual failure modes of components, and because techniques of engi-
neering anaiysis were not sufficiently evolved to enable deter-
mination of those engineering parameters acting on the component
at any given time. Thus, while such indicators as parts counts
appear to lead to reasonable reliability predicticns for elec-
tronics equipment, the authors of [33] concluded that accurate
reliability credictions for helicopter transmissions (and pre-
sumably for other complicated systems) are impossible, and high
reliability cf such systems should be a by-product of "currently
accepted design practices"” rather than the explicit output of
specific rellanility design activities. Finally, turning to

the timing o reliability demons<srations, the authors felt that
They must Te dcne 1n the fisld. Development testing cannot
reveal many Ti=21d failure modes; juality control problems intro-
duce a large number of failure modes into production units; and
the costs t¢ fabricate a statistically meaningful sample of
3traticn test 3pecimens are trohibitive. Quantitative
cemecariscns of development versus

r
Ti=21d failures ware Teyond the 3sccre of the study.




3. Reliability Growth Study by Bell Helicopter

Historical data from early production years of the UH-1D
and AH-1G programs were used in a rellability growth study by
Conway [34]. The objective was to determine those relation-
ships between reliability growth characteristics and program
parameters which might be useful in planning future develop-
ment programs. Although neither the UH-1D nor the AH-1G )
had formal reliability programs during development (the author
originally attempfed to track reliability growth versus devel-
opment test hours but concluded it was impossible), both heli-
copters underwent "M&R" programs early in their production |
phases during which extensive reliabllity and corrective action
data were collected. Data were avallable on five fiscal year
configurations of the UH-1D (FY462 through FY66) monitored during
the M&R program, plus three additional configurations (FY67
through FY63) on which the effectiveness of corrective actions
initiated during the M&R program could be assessed. For the
AH-1G, three fiscal year configurations were monitored during
the M&R program (FY66 through FY68), plus additional data, which
were available on FY69 and FY70 models. The durations of the
two M&R programs and total flight hours monitored were 39 calen-
dar months and 50,000 flight hours for the UH-1D, and 29 calendar
months and 56,000 flight hours for the AH-1G. Some aircraft
were dropped from the data sample due to missing or suspect data.
Also, although both the UH-1D and AH-1G evolved from the same
parent aircraft--the UH-1lA--differences were minimized by delet-

-~

ing data on systems not critical <o flight, such as communica-

tion, navigation, and weapons.

The methodology used by the author for both helicopter
types began with the construction of a baseline system failure
rate, composed of the fallure rates (computed from the data)
for all those failure modes observed in the data base for

which reliapili<y improvements (corrective actions) were not

zxoeri
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nced. The remalining Tailure modes =ach nhad two fallure
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mentation or corrective action and a failure rate A, following

1

' rates associated with them--a failure rate AO prior to imple-
' and in throse

implementation. In all cases Xl was less than Ao
cases where no faillures were observed between corrective action
‘ implementation and termination of the data collection period,
Ay was (optimistically) taken to be zero. Finally, an annual
i system rfailure rate for each helicopter type was construcstsed
for

by adding to the baseline failure rate either i, or 2

0 1
each ccrrected railure mode, depending upon whether or not
corrective action had been implemented prior to the start of

that fiscal year.

During the M&R programs, seven occurrences of a fallure
mode were required for corrective action initiation (except

for failures affecting safety of flight).

The auther compares fallure rate growth for both calendar
time and cumulative M&R program flight hours. Conclusions of
the study, and some comparisons with other studies discussed
above, include the following:

(1) The relationship of reliability growth to cumulative
‘ flight hours i1s shown in Figure 5 taken from the study.
The data are plotted on a log-log grild in order to
‘ compare the results with Duane/RPM methodology. From
the Figure, the author concluded that the time lag
i in implementing corrective actions on production air-
craft caused the piecewise linearity of the growth
curves, although once that time lag was overcome,
straight lines appeared to fit the remaining data
points well. The author found the "off-the-board"
mean times between failure to be between 20 and 35
cercent of the estimated mature program values--much

.

higher than the RPM "10 percent" rule-of-thumb,--a
fact which he attributed to the "flight-quality"

nardware witn which the helicooter orograms began.

Y
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Figure 5. BELL STUDY [34] UH-1D AND AH-1G RELIABILITY

(2)

GROWTH VERSUS CUMULATIVE FLIGHT HOURS

The reliability growth rates in Figure 5 are also
lower than the Duane/RPM 0.5 value.

In order to explain the difference in apparent growth
rates between the UH-1D and the AH~1G, the author
hypothesized that a calendar time constraint exists
on the rapidity with whizh helicopter reliability
growth can occur. No matter how gquickly flight hours
are run up, there 1s a practical limit to how guickly
failure modes can be analyzed, design improvements
made, approved, and implemented. While the intensity
of the AH-1G program was higher than the UH-1D pro-
gram, the rate of fallure rate improvement when
measured against calendar time was approximately
equal for both programs and constant throughout the
data collection period, as shown in Figure 6. The

autnor assumed <hat the intensitles of Dboth helizopter
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M&R programs exceeded the calendar time to flight-
hour threshold (estimated to be approximately 1,200
flight hours per month), and the upper bound on
growth rate versus calendar time--computed from
Figure & to be 8.6 percent per year--was reached

in both programs.

Aware of the Rummel study [28], Conway devoted a
section of [34] to a discussion of the differences
between nis results and those of Rummel. All of the
failure modes detected and counted during the M&R
programs had associated mean times between failure
(Ao_l in the notation used above) of 5,000 hours

or less. Thus Rummel's approach would imply that

a test program of 10,000 nours (2 times MTRBF) would

o,

ve suflicient ©o achlieve tne same level of growth
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as the 50,000-hour M&R program. Conway lists a -
number of reasonable esxplanations why the Rummel
approach is overly optimistic:

® Many fallure modes are calendar-time-dependent and -
may not arise in a relatively short calendar period !
test program. -

¢ Many failure modes are environment-dependent and will -
not be exposed in a test program on prototype aibcraft.

e Corrective actions initiated for failure modes dis-
covered during prototype tests may not be incorporagted T
until the production aircraft. Thus, many development
tests may be prematurely terminated by failure modes
for which corrective actions already exist.

e A corrective action efficiency of seven failures to .
fix 1s more reasonable in a field environment, versus
the single occurrence assumed by Rummel for a labora-
tory environment.

(We remark that the last reason itself may be suffi-
clent to explain the fivefold increase in estimated
test time. Assuming the usual exponential distribu-

tion for times between failure occurrences, it can be

shown from tables of the Poisson distribution that |
i failure mode failure mode .
P occurs at least T p occurs at least T 0.87. )
once in time period 7 times in time period b -.h
of length 2 x MIBF of length 10 x MIBF

(4) Conway made several qualitative recommendations for

future helicopter programs based upon his study
results, including:

e In view of the observed constraints on field reli-
abllity growth, intensive reliability engineering
2ffort snould be devoted during the design phase to
improving the off-the-board fallure rate.

e A reliabllity program of field failure monitoring
on a controlled sample of production helicopters
- should be included.
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While Conway indicated that the Rummel approach may not
be valid for fileld reliability growth efforts, Conway's
approach may require additional explanatory variables (perhaps
additional time lags) before extrapolation from a controlled
sample of helicopters to a fielded fleet is wvalid. In IDA
Study S-451 [1], published UH-1D fleet reliability data
(Figure 9, p. 34 of that study) indicate that during the .
period July 1964 through July 1965 (corresponding to flight
hours 5,500 through 25,000 of the M&R program) the fleet reli-

ability was, in fact, declining.

4. Other Related Studies

An extensive taxonomy of reliability activitles compris-
ing helicopter reliability development programs 1s presented
in reference [35]. Using the Rummel study as a basis for
inferring that reliability development costs can be related
to helicopter reliability achileved, the report also proposes
(in general terms) a methcdology for planning helicopter reli-
ability development programs to minimize development plus O&M
costs which is virtually identical to the FAA approach [24]
summarized above.

Focusing on the flight testing phase of a hypothetical
(though patterned on the Black Hawk) helicopter development
program, Pollack and Nulk [36] propcse a method for determin-
ing the number of prototypes to be fabricated in order to also
minimize the reliability contributions to development plus 0&M
costs. Reliablility growth during development i1s assumed to
adnhere %o the Duane model; the "starting point" and growth
rate are taken to be the Selby and Miller values--10 percent
of final cumulative MTBF and 0.5, respectively. (While the
actual values chosen do not invalidate the approach, both the
Bell study findings discussed above and the additional results
cresented in Chapter II below suggest that those values are

no¢ areprovriate for hellicopters. The starting veint is too
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low, and the growth rate too high.) Given the reliability
geal, the growth curve ylelds the number of flight hours
reguired during development. As the number of prototypes is
varied, the duration, in calendar time, of the development
crogram also varies. The authors assume that the cost of

that program is a convex function of the number of prototypes,
with a minimum near the midpoint of the range of possible
orototype values. The 0&M cost is also taken to be a convex
(decreasing) function of the number of prototypes in that a
more rapid development program leads to more rapid replace-
ment of the existing fleet by the newly developed aircraft,
which are assumed to be less expensive to operate and maintain.
Adding the two functions, the minimizing number of prototypes
can be determined.

Finally, a paper by the Logistics Management Institute
{11] proposes a methodology for setting reliability require-
ments which is clearly applicable to helicopter programs
although it is applied primarily to fixed-wing aircraft in
case studies described in the paper. The objective is to
determine optimal subsystem reliability goals such that life
cycle costs are minimized. In particular, the cost objective
function comprises three components: (1) the Cost of Achiev-
ing Relliability, 1ncluding design costs, prototype costs,
testing costs, and costs of corrective actions, (2) the Cost
of Downtime, which 1s the cost of procuring and operating
additional systems to overcome mission reliability and opera-
tional availability constraints and enable performance of a
given mlssion, and (3) the {(recoverable) Cost of Maintenance,
which is the cost of all the unscheduled maintenance events.

In computing values for the above cost components, the
Duane reliablility growth model is assumed to hold during
development at the system level. The subsystem development
raliabilicies are assumed to carry over to field use
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' (afcer definitional adjustments have been made for equipment
operating versus system flight hours), and given the "failure
‘ criticalities™ of eacn of the subsystems with respect to the
mission objective for the total system, a heuristic itsrative
crocedure for "optimizing'" the allocation of the total system
failure rate to the subsystems is proposed. The development

reliabilities achieved translate into system mission reli-
ability and operaticnal availability and thereby influence
the size of the total buy, also a decision variable, through

the downtime cost component.

‘ The LMI approcach has a number of obvious shortcomings.

For example, more decision variables governing the reliability
activities during development could be included. Only a
single type of testing (at the system level) is considered,
and the apporticnment of system reliability to the various

} subsystem does not consider the development resource costs
of achleving alternate subsystem reliavilities, consideration
of which certainly might have an effect on the final appor-
tionment since some subsystems are considerably less expensive
to test in dollars and calendar time than others. Also, the

cost of downtime does not include, for example, attrition due
Tto hostile action, cannabalization, or alternative tynes of
missions, all of which may be important in determining the
size of the total system buy. Furthermore, from our summary
5f electronics reliability literature, we know that the trans-
ation of develorment to fle .d reliabllity involves more than
Just the one definitional conversion used in [11].

However, tne overall framework proposed in the paper would
appear to be expandable to a useful quantitative approach to
the problem posed by the flowchart 1in Figure 1. Apart from
purely theoretical treatments such as the one appearing in [377],
1T 1s the only model we know of which addresses the reliability
apportionment issue, as well as being the only model to incor-

ccrate buy size as a decision variable. 1In case studies of

l
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various aircraft programs to which the modeling approach was
applied, the authors concluded that intensive reliability
improvement programs during system development could have
resulted in significant cost-effectiveness benefits, even
with dbuy size (fixed at the actual levels of procurement)
deleted from the set of decision variables.

E. SUMMARY

Qur survey of the literature indicates that the relation-
ship between resources invested in reliability and reliability
achieved is not well understood. ©No single study has addressed
all of the issues raised in Section A above. The studies of
electronics equipment reliability growth imply that sufficient
understanding of the processes involved in improving reliabil-
ity exists for useful data to be generated. Thus far, however,
analytical attention in using those data has been focused on
making marginal changes to existing development strategies.

The broader objectives of setting reliability goals and of
overall program planning to minimize ownership or development
plus ownershlp costs have conly been addressed 1n the abstract.
Obstacles yet to be overcome include the definition of a
"standard" taxonomy of reliability improvement activities, the
definition of what constitutes cost of rellability improvements
as distinct from otner development costs, and determination of
a means for translating measured development reliability into
measured field reliability.

In the helicopter area, data from past programs have been
much more scarce, varticularly on the subsystem level during
development testing, a level on which 1t would appear necessary
to work in order to develop analytical models for setting
rellabllity goals or planning and evaluating (in advance)
develooment programs. Addltional problems exist, such as
reliability aprorticnment, which have yet to be incorporated
inte studies of historical data. The parameter of interest in

\Jl
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tracking reliability improvement in published studies has
usually been Mean Time Between Removals. The relationship

(if any) between this parameter and the parameter Mean Time
Betvween Failures, currently used as a yardstick for monitoring
reliability growth in helicopters such as the Black Hawk dis-
cussed in Chapter II velow, needs to be determined. A common
thread linking the analyses performed to date comparing reli-
abllity improvement achieved during development with that
acnieved in the field is the concept of corrective action
efficiency--the number of occurrences of a falilure mode which
are required before that mode is recognized as a candidate for
corrective action.

Reliability growth models, particularly the Duane model,
are used throughout the literature and appear to fit reliability
data reasonably well. 7For monitoring reliability growth trends
of electronics programs or of helicopter programs at the system
level, they appear to be useful. For planning future programs,
given more detailed cost data covering additional resource
variaples besides the independent variable used to develop a
growth model, however, other functional relationships may be
more appropriate, as was found to be the case in the studies by
3E [21] and Hughes {22].

E
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Chapter II
DEVELOPMENT PHASE R&M DATA

Section I

Black Hawk (UH-60A) Relijability, Availability,
and Maintajnabijlity Trends

A. INTRODUCTION

This section presents a summary of reliability, avail-
ability and maintainability (RAM) trends experienced by the
3lack Hawk program throughout the development phase and the
first two years cf the production phase. The information has
oeen derived from published sourcss and additional Army RAM/
Z0G (Reliability, Avallability, Maintainability, Logistics
Sample Data Systems) and UMSDC (Unscheduled Maintenance Special
Pata Collection System) data furnished IDA by the US Army Troop
Support and Aviation Materiel Readiness Command, and is pri-
marily descriptive. Lack of comparable historical data pre-

cludes any extensive comparisons with past development programs.

Those inferences which can be drawn from comparisons of the

ntified 3lack Hawk RAM trends with those of past helicopter
crograms are deferred until Section VII below.
This section briefly describes the chronology of the Black

HZawk program and the definition of the RAM parameters of inter-
¢ and the assocliated program goals; 1t then presents the data

1
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and subsegquent analyses; finally there is a summary of findings.
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B. BACKGROUND

1. Black Hawk Program History

Originally known as the Utility Tactical Transport Air-
raft System (UTTAS), the Blacxk Hawk was develcped as a |
ent for the UH-1 series helicopters for air assault,
D

oroval fer ;

avairy, and medical evacuation missions. A
dll-scale development cccurred in June 1971; in July 1971
a reguest fcr suotation (RFQ) for development of an advanced
technology turbcshaft engine was released to industry. In
January 1372 a Request for Proposal (RFP) was issued to
industry for the airframe development. General Electric
was awarded the englne developrment contract in March 1972

d in August 1372 Boeing Vertol and Sikorsky were awarded
competitive airframe development contracts.

- .

Zach airframe contractor constructed three flying proto-
tyoes (reduced by Congraess from six each called for in initial
Army vlans), cne ground test vehicle (GTV) and one static test
article (3TA). Each company also built a fourth flight article
witn company funds. Prototyve jualification testing commenced
in Octopber 1374 and was completed in December 1376. Approxi-
mately 2,320 flight test and 2,750 ground vehicle test hours
were accumulated by the two contractors during that period.
Jovernment Competitive Testing (GCT) (DT II/CT II) began in
2 and continued through September 1975. Approxi-
tely =22 Ilight nhours on <wo pretotyres from each contractor

re 123ged during the latter veriod. DSARC III was held in
hal

. o

1272, Selecticn of Sixorsky as the airframe con-
J

v
actor was announced along with the initial croduction
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1978, one of the three prototypes crashed, leaving two
prototypes to complete that phase of the program.

Production aircraft deliveries began in October 1978.
Between June and October of 1979, initial operational testing
(the Force Development Test and Experimentation (FDTE) pro-
gram) was conducted utilizing eight first-year production
aircraft in an aviation company at Fort Campbell. The FDTE
program was designed to (a) evaluate flight characteristics
and measure performance capabilities, (b) assess operational
reliability, availlability and maintainability of the Black
Hawk, and (¢) address additional logistics issues. Figure 7
summarizes the program schedule.

RFP/CONTY
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Fiqure 7. BLACK HAWK PROGRAM SCHEDULE
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2. RAM Definitions, Goals and Measurement Procedures

Black Hawk program goals were established for several RAM
measures, as follows:

(1) System Reliability. The parameter receiving greatest

management attention throughout the develcpment phase of the

program appears to have been System Mean Time Between Fallures

(MTBF). System MTBF is defined in terms of chargeable (to the
contractor), independent failures. A comprehensive data collec-

tion system and detailed scoring criteria were established prior

to GCT in order to accurately measure this and other RAM char-
acteristics. 1In order to compute System MTBF, time 1is defined

as flight hours measured from 1lift-off until touchdown. An

item is considered to have falled any time corrective mainte-

nance manhours must be expended on the item regardless c¢f when

the faillure occurs or 1is discovered prior to 1lift-off, during

flight or after touchdown. The Black Hawk goal is a System

MTBF of 4.0 (or, alternatively, a system failure rate! of 0.25).

During the FDTE program and in data collectlon on subsequent

production ailrcraft, the system fallure deflnition was expanded .
to 1nclude false malfunction indications resulting in mission ot
aborts. At the same time, "Operational Failures" were defined -
to include all system fallures plus dependent failures, operator '{
and maintenance errors, forelgn obJect damage, and GSE-1induced
malfunctions. No contractual goal has been established for the
latter parameter, although 2.7 flight hours is cited (Reference
[38] as the minimum acceptable value on the basis that at that .

value the maintenance burden for the UH-60A will equal the o
malntenance burden for the current utlility helicopter.

(2) Mission Reliability. Mission reliability is defined
as the probability of completing a one-hour mission without a

malfunction which results in a mission abort. Flying time is

'In the analyses below, we use System Failure Rate, rather than its recip-
rocal System MIBF, to present the 3lack Hawk data.

3
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one hour, but the mission includes events from the start of the
flight crew's preflight inspection through engine shutdown
following completion of the last mission leg. In addition to
unintended landings or discontlnuance of the mission, failures/
malfunctions detected during preflight inspection that require
more than 30 minutes of clock time to correct, or total accumu-
lated delays of more than 30 minutes experienced during the
course of the misslon as a result of failures/malfunctions are
chargeable as mission aborts. The mission reliability goal for
the Black Hawk 1is .987.! 1In order that a Combat Support Avia-
tlon company be able to 1ift the assault elements of one rifle
company, a minimum acceptable value of .982 has been established
£38].

(3) Flight Safety Reliability. This is defined as the
probability of completing a one-hour mission without fallure

or malfunction which results in a forced landing or mishap. A
mishap 1is defined as an equipment malfunction/failure which is
potentially injurious to or results in injury to flight crew,
ground crew or passengers, or damage to the aircraft. The
flight safety reliability goal is 0.9997. The evaluation of
this parameter will not occur until 165,000 flight hours have
been logged.

(4) Operational Availability. This is the probability
that a randomly requested aircraft is not down for maintenance

or spare parts. Maintenance downtime is the sum of all clock

1Tn the analyses below, mission reliability data are presented using the
Mission Abort Rate. Mission Reliability is determined by

Mission Reliability = 1 - o~ (APOTt Fate)-(Mission Time)
For one-nour mission with mission reliability close to 1, we have
Abort Rate = 1 - (Mission Reliability) .

Thus, the mission reliability spal expressed in terms of Abort Rate is 0.015.
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time for preventive and corrective (on-aircraft) maintenance.
The Operational Availability goal is 0.82, based on a utiliza-
tion rate of 69 flight hours per month. A minimum acceptable
value of 0.80 corresponds to the 0.982 mission reliability for
the assault mission discussed above. In order to assess this
parameter, "Achieved Availability"” 1s first computed. Divid-
ing maintenance downtime by flight hours actually flown ylelds
the factor hours downtime per flight hour. Multiplying this

value by 69 yields a downtime total for a 69 flight hour month.

Achieved Availability 1is computed using this total. Subtract-
ing 0.10 (assuming an 8 percent Not Operationally Ready Supply
(NORS) rate and a 2 percent administrative delay rate) from
Achieved Availability yields Operational Availability.

(5) Corrective Maintenance Manhours per Flight Hour.
Actions at the aviation unit (AVUM) and intermediate unit
(AVIM) levels comprise the maintenance manhour component of

this parameter. Modification work orders and configuration

changes, cannibalization, and unwarranted actions are excluded.

In addition, avionics and weapons system actions are excluded.
The program goal is 2.8 manhours per flight hour. For assess-
ment after October 1379 to determine if malntainability
Improvements are required, the Black Hawk project manager's
office has accepted 3.8 manhours per flight hour, including
preventive as well as total corrective maintenance, as the
goal.

Finally, various Mean Time Between Removals (MTBR)
goals have been contractually established for the dynamic
components of the Black Hawk. These are to be demonstrated
after 25,000 flight hours of data have been collected.
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C. DATA AND ANALYSES

1. Army Data Systems

Several Army data systems provide data for monitoring
RAM characteristics of the Black Hawk aircraft. The most
comprehensive of these is the RAM/LOG system. Under RAM/LOG,
detailed data on most aspects of reliability, availlability
and maintainability are recorded by specilally trained, dedi-
cated data collectors. An extensive computer software system
has been c¢reated to process, edit, and provide access to data
sc collected.

The primary purpose of the RAM/LOG system is to deter-
mine compliance with program milestones and contractual
requirements. During the Black Hawk program, data were
collected throughout the development phase of all three
prototypes, and then on early flight hours or selected air-
craft from each of the first two production years. Ian the
case of the second year production aircraft, the intensity
(and cost) of the data collection effort was reduced by elimi-
nating the monitoring of the detalled maintenance subtasks
and thereby reducing the number of dedlcated data collectors.
"Modified RAM/LOG" is the phrase used to refer to the latter
data. Table 9 summarizes the RAM/LOG data collected as of
March 1980.

The RAM/LOG data system does not provide cross-sectional
fleet data on filelded systems; this information 1s beginning
to be provided by the Unscheduled Maintenance Sample Data
Collection (UMSDC) System. Tested in late 1978 and imple-
mented early in 1979, thils system 1is intended to supply less
extenslve but far more reliable data than were collected under
the old TAMMS system. A subset of the aviatlion field units is
selected for data collection. At each selected unit, UMSDC
forms (modified TAMMS 2407 forms) are completed by that unit's
mechanics, and reviewed for accuracy and consistency by a
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Table 9. BLACK HAWK PROGRAM RAM/LOG DATA COLLECTED
AS OF MARCH 1980

Jun. 76 - Sept. 76 Complete RAM/LOG data during competitive flyoff at Ft. Campbell.
Tail numbers S50, S52 for the Sikersky UH-60A; V56, V57 for the
Boeing Vertol YUH-61A.

Sept. 76 - Feb. 77 No flight hours logged.

Feb. 77 - Feb. 79 Maturity Phase. Total RAM/LOG data on the three UH-60A prototypes -
$50, S81, S52--plus early flight hours logged on all production
aircraft at Stratford, CT.

May 78 Total loss of S50.

Nov. 78 - Mar. 80 Complete RAM/LOG on RAM Durability (RAM-D) aircraft (one UH-60A)
at Ft. Rucker.

Jun. 79 - Oct. 79 FOTE Program, Ft. Campbell. Complete RAM/LOG data (using new
data collection formulas) on eight aircraft (some with few flight
hours as a consequence of entering FDTE near the end of the
program)}.

Nov. 79 - Mar. 80 Complete modified RAM/LOG data collected at Ft. Campbell on a
unit of fifteen production aircraft (different from the FDTE
aircraft above).

dedicated UMSDC on-site field monitor before being submitted
to the UMSDC data base. As of June 1980 approximately 4300
Black Hawk flight hours had been so collected.

Two oth-r Army data systems should be noted in connection
with the Blaca Hawk program. The Component Report for Inten-
sive Management (CRIM) system tracks the dynamic components
of the Black Hawk in support of the rellability warranties in
effect. Mean Time Between Removals data, provided by CRIM,
are not readily extracted from either the RAM/LOG or UMSDC
data systems, nor are they complete since those systems only
monitor selected aircraft. Finally, the Operational Readiness

1352) Reporting system provides data on operational avall-
abllity of flelded aircraft.
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2. Data Analysis Methodology and Limitations

a. Data Furnished IDA

The Black Hawk data (Reference [39]) analyzed below come
orimarily from the RAM/LOG data base. Additional UMSDC data
also were furnished IDA, but the latter do not appear compat-
ible with RAM/LOG data for analytical purposes. A discussion
of the apparent differences in the two data tases as well as
an analysis of the UMSDC data is deferred until Section C.3.e
below.

The RAM/LOG data have been aggregated into contiguous
90-day time intervals. The aircraft on which data were
collected and the number of flight hours flown are listed
in Table 10. Figure 8 reliates this RAM/LOG data sample to
the total program flight hours. During development, the
RAM/LOG data are essentially total, although the approximately
600 flight hours logged on the prototypes before the Army took
vossession are not included in either curve shown in the
Figure.

In some instances, minor contradictions were observed
between the IDA data and published sources (References ([38],
(40], (41], and [U42]). For example, larger numbers of system
failures for the FDTE ailrcraft appeared in the computer list-
ings provided IDA than were cited in Reference [38]. 1In
another case, Reference [U2] indicated that no flight hours
were logged on a prototype for which the computer listing
showed 45 flight hours and 40 system fallures. (In the former
example, the discrepancy, as explained in conversatlions with
TSARCOM personnel, was caused by deferred maintenance items
discovered in a post~FDTE inspection of the alrcraft involved
and entered into the RAM/LOG data base after [38] was gener-
ated; in the latter example, the discrepancy was never
explained, but the total flight hours and system failure
counts ierived from elther Reference [39] or Reference [U2]
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Table 10. BLACK HAWK RAM/LOG DATA FURNISHED IDA

! Alrcraft v | Cumulative:
i Time Flown Flight Flignt
{ Program Pariod (Tail Nos.) | Hours Hours \
| Prototypes 5156-5245 | $50, $52 2.6 2.6 i
‘ 5246-5335 | $50, $51, $52 | 98.0 100.6 !
f 5336-6060 - 0.0 100.6 .
6061-6150 | $50, $52 282.6 383.2 i
6151-6240 | S50, S52 273.0 656.2 |
6241-6330 | ss0, $52 3.7 659.9 |
6331-7054 - 0.0 659.9 ]
7055-7144 | $50, S51, 52 | 155.9 815.8 |
7145-7234 | ss1, S52 67.9 gg2.7 |
7235-7324 | S50, $51, S52 | 148.4 1032.1 E
7325-8049 | $50, S51, S52 | 136.6 1168.7 ’
8050-8139 | s50, S52 75.6 1244.3 |
8140-8229 | s51 3.2 1247.5 |
8230-8319 | $51, $52 184.7 | 14322 l
8320-9044 | $51, 'S52 86.1 1518.3 )
9045-9134 | S51 3.0 1521.3
FOTE (First Year 9134-9223 | s21, S22, S23,
Production) S60 154.4 154.4
9224-9313 | $21-52%,
s27, s28, $60 | 585.6 740.0
RAM-D (First Year 8318-9043 | S15 12.6 12.6
| Production) 9044-9133 | S15 82.2 9.8
9134-9223 | S15 124.8 219.2
9224-9313 | S15 100.4 319.6
Test (First Year |
Production) Aircraft at 8318-9043 | si4, S17 34.5 34.5 |
Contractor Site 9044-9133 | S14, S17, 18| 85.8 120.3
Second Year Production 9314-0038 | $73-575, ~a
Aircraft S§77-58% 3721 3721
0039-0128 | $73-575 .
$77-5885
588, S89, $92 | 987.6 1359.7




9
| N TOTAL
: | :sunu
s — ‘ —t
| | ]
7 ; —r %T
| | i
- ‘ ]
i, | T L
; 4 ]
= , 1
i° -
| ( !
| ]
| 1 / RAM/LOG
4 i 7] ARCRAFT —
w | J !
g | | ! 7
‘ C///
| /
2 : -

| | /
; :
; ‘ |
H////—-—"”_—’V ! !
!
(] T E——_ L s el i | I | T ,

. N . { . . i b o I
FEB MAY AUG NOV FEB MAY AUG NOV FEB MAY AUG NOV FEB MAY AUG NOV FEB MAY AUG NOV FEB MAY AUG NOV
1973 | 1976 | 1977 i 1978 | 1979 | 1980

‘oT oYW MATURITY PHASE PROOUCTION

-11081

Figure 8. RAM/LOG AND TOTAL BLACK HAWK SYSTEM FLIGHT
HOURS AS OF MARCH 1980

are very close.) 1In the analyses presented below, the computer
listings are used as the data source in all cases. Published
sources were checked for consistency, and no major discrep-
ancles were discovered.

b. Methodology and Limitations

In aggregating and displaying the RAM/LOG data below, a
number of implicit assumptions were made which require explana-

ion.
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First, in plotting the data chronologically, the three
sources of first-year production aircraft data are aggregated.
dhile different test environments, mission profiles, utiliza-
tion rates, etc., characterize each of these sources, the
resulting curves have the effect of smoothing the differences
in RAM parameter values exhibited by the groups of aircraft
at the three sites. In some cases, therefore, additional dis-
plays highlighting those differences are presented. However,
in any reliability growth study, different articles simulta-
neously undergo different test environments. The justifica-
tion for plotting the reliability with time (test hours, flight
hours) as the sole independent variable lies in the fact that
failure mode information from the various tests has been com-
oined. By aggregating reliability data, we are making the
same implicit assumption--that failure mode and corrective
action information are communicated from site to site; in other
words, that the aggregated reliability curve somehow represents
the actual status of the total program at each point in time.

Second, in conforming to standard reliability growth

‘ literature, data are plotted in terms of cumulative rates.
Tdeally, in monitoring a development or production program,

one would like to know the instantaneous rate for each RAM
parameter at each point in time. However, while the cumula-
tive rate 1s avallable directly from the data, the instanta-
neous rate is not. The instantaneous rates are readily derived

whenever the cumulative rates plotted vs time are linear on
rectangular, semi-log, or log-log (the "Duane" curve) grids.!?

il a!
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instantaneous rate curve (see, for example, reference [17]).

Using the apparent linearity of both cumulative system failure
rate and cumulative mission failure rate plots during various
phases of the Black Hawk program, we have tentatively also
obtained instantaneous rate curves for those parameters. The
derivations are discussed in some detail in Section C.3.a.
AMSAA (Reference [U43]) has taken a slightly different approach
to reliability growth tracking of the UH-60A. They develop
failure rate point estimates based on small, approximately
equal, flight-hour intervals and display those rates directly.
Our results are also compared to theirs in Section C.3.a below.

Finally, in extending the RAM/LOG data to the total Black
Jawk fleet, we assume that the production ailrcraft data are
representative of the entire fleet and we linearly extrapolate
from the sample data to obtaln failure rates for the fleet.
This procedure is illustrated in the next section, but it is
important to note that this may be a serious shortcoming of
the analysis. If the failure process were truly exponential,
a valid statistical argument could be made for the foregoing
crocedure. However, since different configurations of each
oroduction-year aircraft are usually fielded at the same time
(retrofitting changes takes time), and there is some evidence
that many helicopter components have increasing failure rates
over time (see, for example, [33]), 1t 1s likely that the above
ocrocedure, based on low flight-hour ailrcraft, bilases the
results by indicating faster fleet reliability growth than is
actually achieved. Analysis of UMSDC cross-sectional fleet

jata in Section C.3.e vtelow indicates that second-year aircraft

{contd) and, letting A = "initial" failure rate and a = "growth rate,"
we have

Relaticnship c(t) i(e)

lirear \=at \=2at

log-linear A=aelog t \-a(log t + log e)
log-lcg A (1-a)2t™




do, in fact, appear to be more reliable than first-year air-
craft, so that the fleet as a whole has lower average reli-
ability than the second-year aircraft alone. Cn the other
hand, if one is interested 1in progress related to successive
years of new production alrcraft, such growth 1s accurately

(subject to sampling errors) measured.

3. Results

a. System Reliability

The changes in Black Hawk system failure rate over time
are shown 1n Figure 9. Referring to the Figure, the progran
aprears to have experienced a moderate rate of reliability
growth through Government Competitive Testing. By the end of
GCT, the system failure rate was approximately .33 failures
per f£light hour (MTBF = 3 hours). During the maturity rphase,
the failure rate appears to have remained more or less constant
at 1 per hour. Finally, very rapid reliability growth is
apparent throughout the first two model years of production
alrcraft. Approximately 10 months and 3,500 flight hours into
the production phase, the program returned to the system fail-
ure rate level measured during GCT. As of March 1980, the pro-
Zram appears to have equaled or exceeded the 0.25 failures per
flight hour goal. The remainder of this subsection 1s devoted
to a more detailed explanation and derivation of Figure 9.

Figure 10 presents a cumulative failure rate plot of the
raw RAM/LOG data plotted against the tofal system flight hours.
Table 11 contains the data comprising the Figure. Note in
Table 11 that the RAM/LOG system failure count was linearly
extrapolated during the post-production phase to yield a fail-
ure count for the fleet. Also note that while Figure 10
appears to show a worsening failure rate during the maturity
chase (approximately 650 to 1,550 flight hours), Figure 2
Indicates that the Instantaneous rate actuélly Jumped tc 2

nigher, cut relatively constant, level.
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Table 11. BLACK HAWK CUMULATIVE FAILURE RATES, TOTAL SYSTEM

T o riignt Hours | System Failures :
: . RAM/L0G Total Fleet ‘ RAM/LOG_ | ﬁ‘otval Fleet . :
‘ Time Period No. 1 Cum. No. Cum.! No.l Cum.! No. !f Cum. ?E:r:é
1 i ' ! I ! !
tJun 75 - Aug 75 2.6 | 3 2.6 30 5 5| 5.0 5.0 1.32 |
ySep 75 - Nov 75| 98.0 | 101 | 98.0 ! 101 | 42 | 47 | 42.0 2.0 ) .47 |
lJec 75 - Feb 76 ) 0.0 | 101 0.0 | 101 { o1 47, 0.0 47.0 1 41
‘Mar 76 - May 76 : 282.6 | 383 | 282.6 | 383 | 103 | 150 | 103.0 | 150.0 .39
Jun 76 ~ Aug 76 ; 273.0 | 656 | 273.0 | 656 | 88 | 238 | 88.0 | 238.0 | .36 |
"Sep 76 - Nov 76, 3.7 | 650 37 0 860 | 1| 239 | 1.0 | 239.0 | .3 i
[ Dec 76 - Feo 77 0.0 | 660 0.0 | 660 | 0 | 239 | 0.0 n&o; 36
:Mar 77 - May 77, 155.3 | 8l6 | 155.9 | 816 | 56 : 295 | 56.0 | 295.0 | 36
foun 77 - Aug 77 67.9 | 84 | 67.9 | 884 | 50 ) 35 | 50.0 | 345.0 | .39

!Sep 77 - Nov 77| 148.3 | 1032 | 148.4 | 1032 | 129 | 474 | 129.0 | 474.0 I .36

'Dec 77 - Feo 78 | 136.6 11169 | 136.6 | 1169 | 92 | 566 | 92.0 | 566.0 ! .38

"Mar 73 - May 78 73.6 | 1244 75.6 | 1244 j 105 | 671 [105.0 | 671.0 | .56 !
(Jun 73 - Aug T8I 3.2 11248 3.2 11248 1101 | 772 | ton0 1 o772.0 | .62
"Sep 78 - Nov 78 ' 184.7 | 1432 | 184.7 11432 | 165 | 937 |165.0 | 937.0 | .65 |
'Oec 78 - Fep 79 | 133.2 | 1565 | 133.2 | 1565 {113 | 1050 | 113.0 | 1050.0 ! .67 |
(Mar 79 - May 79 | 171.0 ‘ 1736 | 376.0 | 1941 | 119 | 1169 | 263.0% | 1313.0 | .68 i
PSun 79 - Aug 791 278.8 i 2015 | 828.0 2769 | 131 | 1300 | 389.1* i 1702.0 | .61
~Sep 79 - Nov 79 | 586.0 | 270 1909.0 | 4678 i 289 | 1589 | 804.2* :2506.3 | .54 |
! Jec 79 - Fep 80 372.1 { 3073 | 2611.0 ; 7289 | 106 | 1695 | 743.8* j 3250.1 1 .45 |
| Mar80 | 387.5 ! 4061 | 1302.0 | 8591 | 189 1 1884 | 249.2% | 3499.2 | .41 !

*Extrapolated from RAM/LOG data.

(1) Basic Engineering Development (EED) Phase

The first segment of the instantaneous system fallure rate
curve in Figure 9 was obtained by first fitting a line! to the
3ED cumulative fallure rate values (deleting the 2.6 flight-hour
point) and then using the slope (growth rate) of that line to

'"Yere and for the production phase data to follow, least-square regressions
were used to fit lines to the data. Under the assumption that the fallure
counting process giving rise to the data 1s a Non-Homogeneous Poisson Process
(NHPP), maximum likelihood estimators for the slopes and intercepts of such
lines have been derived which differ slightly fram those yielded by least-
square regressions (see, e.g., [14]). However, the corrective action time
lags and block changes which characterize helicoprter programs tend to invali-
jate (see, e.3., "34]) the continucus-zrowth or immediate-:mrrovement-
following-fallure assumptions underlying the NHPP approach.

-
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<=nerite *he instantaneous rate curve as discussed above. The
romouted growth rate iIs 0.13. This 1s not rapid growth accord-
T2 TiM folklore when compared to the "Duane" standard for
1 "nigh intensity" development program of 0.5. Also, while the
actors iid incorporate improvements during testing, other
~e2asons have been gut forth which may further reduce the appar-
2nt growth rate. In particular, [44] states that during sest-
ing the fallure criteria were changed, wilth certain maintenance
actlons being reclassified as preventive maintenance and there-
fore not chargeable. And in discussions [43] with AMSAA
vpersonnel, it was indicated that the test environment during
CT II, the second phase of GCT, may have been less severe, with
more nap-of-the-earth, low-speed (lower vibration) missions,
than during DT II, the first phase of GCT. Furthermore,
neglecting approximately the first 110 flight hours of RAM/LOG
data which occurred prior to GCT, very little growth 1s appar-
ent during GCT itself as 1is evident in Figure 11, taken from
Reference (41].

On the other hand, the "off-the-board" system MIBF was
quite high (compared to the "10 percent of final MTBF" rule
of thumb), and the short duration of the competition may hLave
been a limiting factor in initiating corrective action for
observed failures. Also we should reiterate that the data
glven in Table 11 and plotted in Figure 10 do not include the
approximately 600 initial contractor flight hours. If the
plotted data were shifted by 600 flight hours (that is, if the
instantaneous fallure rates shown in Figure 9 were translated
by 600 flight hours on the horizontal axis), the computed
growth rate would increase somewhat. It 1s Interesting to
note, however, that extrapolation of the 0.13 growth rate
over the entire orogram to date ylelds a system reliability
value very close to that currently measured for rroduction

aircraft (see Fizure 9).
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(2) Maturity Phase

During the maturity phase, a large number of components

underwent design changes, both to reduce welght because there

was a large weight-reduction incentive award and to enhance

producibility. A number of failures were the result

of minor

parts wearing out due to removals and modifications of such

components. For example, a large number of faillures
hydraulic gquick disconnects were prematurely induced
vling and uncoupling them as modifications were made
hydraulic flight control system. COverstress testing

of the
by cou-
to the
induced

further failures, such as many broken lights during testing

with the vibration absorbers removed.
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The system failure rate jumped significantly between GCT
and this program phase. The constant fallure rate shown in
Figure 9 1s derilved from Figure 12. Referring to the latter
Tigure, fallures appear to have occurred approximately linearly
with flight hours. The big jump at approximately 1,240 flight
hours (101 failures in 3.2 flight hours) was a result of a
thorough inspection immediately following the crash of proto-
type S50. Many of the failures uncovered should be credited
to earlier flight hours. For that reason the failure rate
appears to be approximately constant, even though a Chi-square
or other goodness-of-fit test of the raw data in Table 11
would not support that hypothesilis. At the very end of the
maturity phase, the reliabllity may have improved as noted
oy the dotted line in Figure 12. On the whole, however, any
improvements resulting from corrective actlion seem to have
been counterbalanced by failures resulting from further design
changes or induced by the test environment. AMSAA personnel
indicated that most fixes were deferred until production rather
than belng incorporated into the prototypes.

(3) Production Phase

Aggregated cumulative failure data for production air-
craft only versus production fleet flight hours are plotted
in Figure 13. As in Figure 10, failure counts for the total
fleet are linearly extrapolated from the RAM/LOG data. Table
12 summarizes the data and computations.

For the production aircraft, operational as well as system
failures are monitored. The ratio of operational to system
failures (approximately 1.3 operational failures per system
failure) provides some indication of the relationship between
reliability in the field and reliability as measured during
development.
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Table 12. BLACK HAWK CUMULATIVE FAILURE RATES,
PRODUCTION AIRCRAFT

FH?_: Hours System Failures &er tional Failures

L Total Tleet Total Fleet Yotal Fleet r
Cum. um.
Time Period No.| Cum. | MNo. | Cum. | No.}Cum | Wo. Cum, | Rate | No.| Cum.| WMo. Cum. ! Rate
Dec 78 - Feb 79 47 47 [}) Ll i) 74 .0 74.0 } 1.57 9 9N 91.0 91.0 |1.93
Mar 79 - May 79 | 168 218 7 420 | 118 | 192 | 262.0* 33%.0 .80 | 137 228 | 304.2 395.2 .94
Jun 79 - Aug 79 | 279 494 828 | 1248 | 131 | 323 | 389.1* 725.1 .58 | 199 427 | 591.0 986.2 .9
Sep 79 - Mov 79 | 686 | 1180 { 1909 | 3157 | 289 | 612 | 804.2* | 1529.3 .48 | Q10 837 [1141.0 [2127.2+] .67
Dec 79 - Feb 80 | 372 | 1552 { 261V | 5768 | 106 | 718 | 743.8* | 2273.1 W39 | 126 963 | 884.1 | 3011.3 .52
Mar 80 988 | 2540 | 1302 | 7070 | 189 | 907 | 249.2* | 2522.2 .36 235 | 1198 | 309.8 } 33210 A7

*txtrapolated from RAM/LOG data.

The reliability growth rates implied by Figure 13 (0.29
for system faillures, 0.27 for operational failures) are about
twice the pre-GCT rate. Because of the linearity, instanta-
neous rate curves are also linear, lying parallel to and below
the cumulative rate curves shown in the Figure. The instanta-
neous system failure rate curve 1s shown in Figure 9 (although
the linearity disappears when the curve is translated to
account for the prototype flight hours).

The instantaneous faillure rate curves also appear in
Figure 14, which also shows the contributions of the individual
groups of production alrcraft comprising the data sample. Note
that the first few production aircraft, with the exception of
the one RAM=-D aircraft, were worse than the trend line would
indicate,'with a system fallure rate of more than 1 per hour.
Also note that the early flight hours on the second-year pro-
duction aircraft revealed a system failure rate close to 0.2
per hour (MTBF = 5 hours), whereas the aggregate trend passes
through about 0.25 system fallures per hour at the same flight-
hour level. Finally 1t should be noted that the high failure
rate of the RAM-D ailrcraft in the June 1979 to September 1979
time frame 1s a result of environmentally induced failures in
desert testing at Yuma Proving Ground, Arizona.




10.0

1.0

|
x i
~. - . TEST AIRCNAFT AT |
N \Culll'um! SITE |

I~
S~ : ks t

BISTANTANEOUS SYSTEM FAILURE RATE

[ 8]

19

AL 2 ]

100 1000 10000
CUMULATIVE FLGHT HOURS, PRODUCTION AIRCRAFT

A. System Failures

1.0

BISTANTAMEOUS OPERATIONAL FANLURE RATE
-

e.1

1

100 1008 10000
CUMULATIVE FLIGHT HOURS, PRODUCTION AIRCRAFT

B. Operational Failures

Figure 14. COMPARISON OF ESTIMATED INSTANTANEOUS FAILURE
RATE TRENDS WITH MEASURED VALUES FOR BLACK
HAWK PRODUCTION AIRCRAFT GROUPS
76
e Ko ST o st




(4) Comparison with AMSAA Analysis

The system reliability growth history as measured by AMSAA
(43] is shown in Figure 15. Their approach has been to compute
failure rates over approximately equal blocks of flight hours.
In the Figure, flight hours shown are only those actually
sampled, and "SDC" corresponds to what we have referred to as
"modified RAM/LOG" in Section C.l above. Comparing their ‘com-
puted values with ours, the conclusions are gquite similar.
During the maturity phase, Figure 15 shows a worsening trend,
whereas the failure rate appeared constant to us; the final
maturity phase and initlal production phase values are approxi-
mately the same 1n both analyses, During the production phase,
AMSAA shows a higher MTBF at the conclusion of the FDTE pro-
gram; our analysis shows more rapid reliability growth since
then.
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b. Mission Reljability

The Black Hawk instantaneous abort rate history 1is shown
in Figure 16. As was the case with the system failure rate,
the abort rate improves through GCT (growth rate = 0.47), jumps
to a higher and relatively constant level for the maturity
phase, and then again shows improvement during the production
phase. Unlike system reliability, however, it does not appear
that the program goal (abort rate = 0.013) will be achieved if
the present rate of growth continues.

0.1

INSTANTANEOUS MISSION ABORT RATE

0.01
100 1000 10000
CUMULATIVE FLIGHT HOURS

1180811

Figure 16. INSTANTANEOUS ABORT RATE TRENDS
OVER TIME FOR THE BLACK HAWK

Figure 17 presents the cumulative abort rate plot of
the RAM/LOG data superimposed on the fleet flight-hour his-
tory. Figure 18 focuses just on the abort rate data versus
flight hours for the production aircraft. As with system
reliability, the trend 1s approximately linear (slope = 0.12).
The data displayed in Figures 17 and 18 are shown in Table 13.

73




)
. 0.10 ] —
i N\\
I [ | |
| :
i s 0 | |
gam - | ;
g C
| N |
i x |
| [ |
3
| . ! o
i ootk T =500 ST Y T “T60,008
! e CUMULATIVE FLIGHT HOURS, PRODUCTION AIRCRAFT
Figure 17. CUMULATIVE ABORT RATE TRENDS QVER TIME FOR
] THE BLACK HAWK

e |- j
5
i
i |
¥
r
- ‘ ‘ CUMILATIVE RLIbNY ‘: TOTA, sYSTEM " )
. Figure 18. CUMULATIVE ABORT RATE VERSUS

E 4
- - e ] ans

FLIGHT HOURS FOR PRODUCTION
BLACK HAWK

79




Table 13. BLACK HAWK CUMULATIVE ABORT RATES, TOTAL SYSTEM
AND PRODUCTION AIRCRAFT

: Flignt Hours : A18570n_A0rts L ruiattve
i _RER7LTG Total Flest - RAM/LIG ~otal Fleet ibory late
Time Period , No.:. Cum. - No. *  Lum. NO. No . ; Lum. ; Totai - eet
Total Sysiem ; i i | i é
Jun 75 - Aug 75 ! 3 3 3 3 3 1 P1.0 : 1.0 .385e"
Sep 75 - Nov 75 8 | 10 98 0 13 P 1o 0 140 ¢ 9
Jec 75 - Feo 76 o] o 0 101 o 4 a0 |l o amo
“ar 76 - ay 76 1283 | 383 | 283 83 | 16 | 160 | 0.0 [ .08
Jun 76 - Aug 76 L273 | 656 | 273 656 ;, 7 [ 7.0 1 3.0, .08
Sep 76 - Nov 76 P4 680 4 | 60 | 0 W T 2 . .
dec 76 - Feo 7 P9 660 |2 | 660 0 [ 0.0 ; 3.0 | 0%
© Mar 77 - May 7 ’ 156 ; 816 156 816 3 f 3.0 i 4.5 ; .049
L dun 77 - Aug 77 : 68 ‘ 834 68 884 3 | 3.0 | 43.0 | .08
I Sep 77 - Nov 77 148 | 1032 | 148 | 1032 10 £ 10,0 ¢ 530 1 .08 ;
Dec 77 - Feb 78 LY fes |1 | nes |s 5.0 | S8 | .05
“ar 73 - May 73 i %6 | 288 | 76 | 1266 | 0 00 | seo o7
Jun 78 - Aug T L3 1148 3 lzes 1o L1001 850 1 .07
Sep 73 - Nov 78 18y s i 1332 13 P10 20 08
: lec 78 - Feb 7 [ 133 ) %65 ) 133 %5 15 ; 15.0 870 3%
; o e 3o My 79 17V 1736 376 4 1981 |9 ' 20,00 107.0 . .055
| Jun 79 - Aug 79 279 2015 | @28 ! 2769 16 ; a7.5% i sas b Las6
Sen 79 - Nov 79 586 . 2701 (1309 | 4678 | 29 boa0.7v | 235.2 .953
dec 73 - Fep 30 372 13073 281 ! 7289 | 18 1126.3* : 361.5 | .050 )
var 80 | 388, s061 {rsoz | gsar | 36 I ar.50 [ 409.0 | .8
3rpduction dircraft dnly | ! : i i { { : :
Zec 78 - Fen 79 | 971 a7 | a7 | a1 & | a0 : 40 ! 085
Mar 79 - May 79 {68 215 | 373 | 420 3 | 0.0 260 .057 i
i Jun 79 - Aug 79 L 2n L 04 | sz8 ( 1248 16 é a7.5v 0 M5 087 |
Sen 79 - Nov 79 1686 1 1180 11909 | NS7T | 29 bod0.7e 182,21 0 :
Sec 79 - Fep 80 1372 155z ;2811 | 5768 | 18 f126.3* 0 278.5 @ .348
“ar 30 | 988 | 2540 Jlaoz . 7070 l 3% } 47.5* | 6.0 | .0¢6 |
| i ! ,

*Extrapolated from RAM/LQG data.
-
* Flignt nour totals are rounded to the nearest integer for presentation in this Table.
lumyiative aport rates were computed using cumulative flight hour totals expressed to

one dec:mal 3lace [(e.g., cumulative abort rate of 385 is computed dased on 2.6 fiignt hours).

Finally, Figure 19 displays the Iinstantaneous abort rate curve
corresponding to the cumulative graph in Figure 18 along with
the individual contributions of the programs comprising the

data sample.
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c. Availability

Cumulative achieved availability vs flight hours 1s plotted
in Figure 20. The same characteristics exhibited by the two
reliability parameters above are exhibited by this parameter
as well--growth through GCT, deterioration during maturity,
and growth again during production. The producticn aircraft
only data are shown in Figure 21. The data plotted in Figures
20 and 21 are given in Table 14. Referring to that Table, of
the 965 flight hours and 305.7 maintenance hours reccrded
during the period June 1979 through November 1979, 740 flight
nhours and 583.5 maintenance hours were contributed by the FDTE
aircraft. The latter values equate to an achleved availability
of 0.92%. Thus, the threshold of 0.92, as defined in Section
2.2, was crossed at the end of the FDTE program. The 0.92 goal
corresponds to approximately 0.385 hours cf (on-aircraft) mainte-

nance Jowntime per flizht nour; the FCTE program cunulative

R1
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Table 14.

BLACK HAWK CUMULATIVE ACHIEVED AVAILABILITIES,

TOTAL SYSTEM AND PRODUCTION AIRCRAFT

l Flignt Hours ; Maintenance +ours : ~:?;;::eée
o TAMLJs . Total Fleet | TW/_G votal Tleet 3va)iagyruy
Time deriod ._No. cum, + No. . Cum. . No. No. o Zum.  Totai Tlaer
! Tota] System i i ! ! }
fSun 75 - Aug TS ‘ 3 | 3 3 ’ 10wt a7 1a9 e
i Sep 75 - Nov 7§ 98 101 98 l 101 | 135.9 ‘ 135.9 ! 150.5 | .36
| Dec 75 - Fen 7§ 0, 10 ol 1ot f 23 9.0 ! 1506 ! .3 ‘
| Mar 76 - May 76 P 283 385 | 283 | 383 | 119.4 | 119.4 1 2700 | .93
| Jun 76 - Aug 78 273 | 8% | 273 | 6% | 146.2 | 146.2 | 416.2 | .34
| Sep 76 - Nov 76 4 660 ¢ | 660 2.6 | 2.8 418.8 ! .34 !
| oec 76 - Feo 77 0| 660 0 | 660 0.0 2.0 418.8 .34 }
| Mar 77 - ay 77 156 | 816 | 156 | 816 | 104.9 | 1049 | 5237 .94
b oJun 77 - aug 77 8 | s | 63 | 8 | a2 | ez | s79 | 3¢
| Sep 77 - Nav 77 1e8 | 1032 148 | 1032 i 3L 9.2 32 |
| dec 77 - 7en 78 1371 1169 . 137 | 1165 | 148.5 | 188.5 | 10777 ! 9 ;
[ Mar 78 - May 78 76 | 1285 |76 | 128 | 2:80.4 | 280.4 ] 1358.1 .90 i
Jun 78 - Aug 78 P31 148 3 r2e8 y 3672 . 672 | 1725.3 .87 ‘
Sep 78 - Nov 73 bo18s ! 1432 185 | 1432 nsa {onsa i 2040.4 87 {
lec 78 - Fen 79 |13 } 1565 | 133 | 1565 [ S17.1 . §17.1 | 28875 ¥ :
Mar 79 - May 79 Poart D7 | 376 ) 194 2775 i §10.97 1 3168.4 | .38 |
;o Jun 79 - Aug 79 | 279 | 2005 | 828 | 2769 | 350.4 | 1040.6% ) 4209.0 | .36 ;
| Sep 79 - Nov 79 | 886 , 2701 | 1909 | 4678 | 855.3 | 1539.4v, <S748.5 .38 i
L Jec 79 - Mar 80 | 1360 ; 4061 | 3913 | 8591 462.3 | 1330.4¢ i 7073.9 .32 ;
| zroguction Aircraft Only l [ i
| Dec 78 - Feb 7§ N 47 7| 4% | 43400 { 434.3 | .13
 Mar 79 - May 79 168 ‘ as | a3 | a0 | 273.2 | 6066t | 10366 | .77
| Jun 79 - Aug 79 {2719 494 828 1248 350.4 | 1040.6* | 2077.2 | .34
| Sep 79 - Nov 79 ! 686 | 1180 | 1909 | ;s7 | 555.3 | 1539.40 | 3616.6 f .89
Jec 79 - Mar &0 ! 1360 | 2540 | 3913 | 7070 ! 462.3 ; 1330.4v | 3947.0 ! .33
I i | . ) .

a7erage was 0.80
Tabla 14 for the
recorded for the

*Extrapolated from RAM/LOG qata.

v*€lignt hour totals are rounded to the nearest intager for oresentation in this Table.
Cumuiative achieved availadiiities were comouted using cumulative flignt hour totals
expressed to one decimal place.

nowever,

maintanance

that

Those data show a ratio of maintenance
of 0.34, with a corresponding achieved
Finally, referring again to Figure 21,
value plotted in the Pigure comes from

hours per flight hour.

The data shown in

aircraft was achieving availability

hours for
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n% hours).

period December 1979 through March 1380 were
group of second-year prcduction aircraft.
downtime to flight hours
availability of 0.97.
the low ({.129)
the early flight hours
of the single RAM-D aircraft; after twelve months of the RAM-D
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d. Maintainability

(1) Unscheduled Maintenance Events

Unscheduled maintenance events are all those events
resulting in corrective maintenance manhours, as defined in
Section B.2 above. The cumulative rates of such events are
clotted versus flight hours in Figure 22. The production  air-
craft data only are shown in Figure 23. The data used to
generate those figures are given in Table 15. As 1is the case
with the other RAM parameters, growth through GCT, deteriora-
tion during maturity, and growth again during production char-
acterize this parameter. However, in comparing the improve-
ment of the unscheduled maintenance action rate with that of
“he system failure rate through GCT and again during the pro-
duction phase, it 1s interesting to note that the former
carameter had about twice the growth rate through GCT as the
latter parameter (0.24 versus 0.13), but a slower growth rate
(2.25 versus 0.29) during production. The ratio of cumulative
unscheduled maintenance actions to cumulative system failures
decreased during GCT from approximately 3.9 at the beginning
to 3.2 at the end. During productlion, the ratio has increased
from approximately 2.0 to 2.5 at the 8,500 flight-hour point.

(2) Maintenance Manhours

The cumulative unscheduled maintenance manhours per f{light
nour data versus flight hours are shown in Figure 24. The
same characteristics exhibited by the previous RAM parameters
are evident in this Fizure as well, although the improvement
in this parameter during the production phase appears quite
dramatic. The RAM/LOG data for production aircraft only are
iisplayed in Figure 25. The data comprising Figures 24 and

2% are given in Table 16.
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Table 15. BLACK HAWK CUMULATIVE UNSCHEDULED MAINTENANCE
ACTION RATES, TOTAL SYSTEM AND PRODUCTION
ATRCRAFT
v o i Cumulative
Flignt Hours B Unscmdu‘l\::‘::;nnmnce ; 3:?:';::::’\‘::
Time Period ¥ Action Rate
RAM/LOG Total Fleet | RAM/LOG Total Fleet l
h No. Cum | No.  Cum | M. No. | Cum. | Total Fleet
Total System ' ; .:
i Jun 75 - Aug 75 3 3 3 3 9 9 l 3 } 3.46%
] f Seo 75 - Nov 75 98 101 98 101 173 173 ! 182 1.81
F ( Dec 75 - Feb 76 o 0 Y VI 0 o . wt s
) Mar 76 - May 76 83 383 283 383 339 339 | 521 1.36
Jun 76 - Aug 76 273 656 273 656 FX) 2 ! 752 .18
Sep 76 - Nov 76 4 660 4 660 0 o . 82 118
Dec 76 - Fep 77 0 660 0 660 0 0 12 1.aa
Mar 77 - May 77 156 816 156 816 214 214 i 966 1.18
Jun 77 - Aug 77 68 884 | 68 884 | 150 150 Mg 1.26
Sep 77 - Nav 77 148 1032 | 148 032 378 s L 1a90 1.44 i
Dec 77 - Feb 78 137 nes 137 1169 ﬂ 240 260 . 1730 1.48 }
Mar 78 - May 78 ‘ 76 1244 76 1244 273 273 2003 1.61 ?
! Jun 78 - Aug 78 3 128 3 1248 358 358 2361 1.89 |
; | Sep 78 - Nov 78 185 1432 185 a3z | 356 6 N7 1.90 I
. Dec 78 - Fep 79 ¢ 133 1565 | 133 1565 235 ( 238 2952 1.89 !
Mar 79 - May 79 o173 | 36 191 236 | 9134 4654 1.7 |
Jun 79 - Aug 79 279 M5 ; 828 2769 413 | 1226.6* - 4692.0 1.69 )
Sep 79 - Nov 79 686 2701 | 1908 4678 | 747 | 2078.8* ' €770.7 1.45
Dec 79 - Feb 80 1 372 3073 | 2611 B9 | 249 | 1747.2*  3518.0 1.7 i
Mar 80 } 988 4061 | 1302 8591 f 406 §35.3v ' 9053.2 1.05 i
| Production Aircraft Only | 1 f '
I Dec 78 - Fep 79 | Yy Y a7 164 | tes e 3.49
L Mar 79 - May 79 1 68 2'5 373 20 229 | s508.2% 872.3 t 80
© o oun 79 - Aug 79 279 494 828 1248 413 ) 1226.6% . 1899.) 1,52
\ Sep 79 - Nov 79 | 666 1180 1909 57 787 ! 2078.8* 19773 1.28
| Zec 79 - Fep 30 i 372 1552 611 5768 ! 249 | trar.ze 57250 2,99
i var 80 l 988 2540 {t 1302 970 ,' zosj 535.3*  6260.3 3.39

“Extracolated from RAM/LOG data.

.
Flignt nour totals are rounded to the nearest integer for presantation in this Tadie.
Cumulative unscheduled maintenance action rates were comouted using cumulative flignt hour
totals expressed to one decimal place.
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Table 16, CUMULATIVE CORRECTIVE MAINTENANCE MANHOURS PER
FLIGHT HOUR, TOTAL SYSTEM AND PRODUCTION AIRCRAFT

; : ] I Corrective Maintenance ]

. Flight Hours ! Manhours {AVUM + AVIM | Cunulative

| — R TeTT TTee L otal Fleet ) P

; Time Period : No. . Cum. No. i Cum, No. No. Cum. Total Fleet |

' Total System i

E Jun 75 - Aug 75 1 3 3 3 i 3 9.8 9.8 9.8 | 3.78%

J Sep 75 - Nov 75 ; 38 101 98 101 215.6 215.6 225.4 2.24

| dec 75 - Fev 76 i o 101 0.0 0.0 | 225.4 2.26

| Mar 76 - May 76 | 283 383 283 | 1383 330.8 330.8 556.2 1.45

; Jun 76 - Aug 76 1 273 656 273 656 290.7 290.7 846.9 1.29
Sep 76 - Nov 76 ) 4 660 4 660 11.8 11.8 858.7 1.30

i Jec 76 - Feb 77 ‘ Q 660 0 660 0.0 0.0 858.7 1.30

; Mar 77 - May 77 156 816 156 816 214.9 214.9 1073.6 1.32

) Jun 77 - Aug 77 68 884 68 884 165.7 165.7 1239.3 1.40

1 Sep 77 - Nov 77 148 1032 148 | 1032 795.9 795.9 2035.2 1.97

: Oec 77 - Fep 78 137 1169 137 | 1169 404.2 404.2 2439.4 2.09
Mar 78 - May 78 { 76 1244 76 | 12844 | 547.1 547.1 2986.5 2.40

' Jun 78 - Aug 78 ! 3 1248 31 1248 496.4 496.4 3482.9 2.79
Sep 78 - Nov 78 ; 185 1432 185 | 1432 534.3 534.3 a017.2 2.80

: Oec 78 - Feb 79 : 133 1565 133 E 1565 301.5 301.5 4318.7 .76

; Mar 79 - May 79 3 m 1736 376 i 1941 i 308.8 681.5* 5000.2 2.58

Jun 79 - Aug 79 i 279 2015 828 ! 2769 ; 516.2 1533.1* 6533.2 2.36

5 Sep 79 - Nov 79 : 686 2701 1909 E 4678 | 813.9 2264.1* 8798.1 1.88

; Dec 79 - Feb 80 : 372 3073 2611 l 7289 J 457.0 3206.7* | 12004.9 1.65

§ Mar 80 | 988 | 4061 | 1302} 8591 ! 597.2 787.3% | 12792.2 1.49

! Production Aircraft Only } E i :
Oec 78 - Feb 79 l 47 47 47 ‘ 47 | 255.7 255.7 255.7 ! 5.43
Mar 79 - May 79 . 168 215 37 ! 420 ] 305.4 678.1* 933.8 | 2.22
Jun 79 - Aug 79 L2719 494 828 ' 1248 \ 516.2 1533.1* | 2466.8 { 1.98
Sep 79 - Nov 79 ‘ 686 1180 1909 ’ 3157 j 813.9% 2264.1* | 4731.7 1 1.50
Jec 79 - Fep 30 ‘ 372 1552 | 2611 | 5768 @ 457.0 3206.7% | 7938.5 | 1.38

Aar 30 988 2540 ! 1302 7 7070 ! 597.2 787.3* | 8725.8 : 1.23
-

*Cxtrapolatead from AM/LOG data.

**€lignt hour totals are rounded to the nearest integer for presentation in this Table.

Cumylative MMH/FH values were computed using cumulative flight hour totals expressed

to one decimal place.
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In order to compare the improvement in system failure
rate during production (Figure 13) and the improvement in
unscheduled maintenance events during production (Figure 23)
with the MMH/FH improvement shown in Filgure 25, let t denote
£light hours, and define

M(t) = cumulative malntenance manhours
Nl(t) = cumulative failures
Nz(t) = cumulative unscheduled maintenance events.

From Figures 13 and 23,

t 1

-
[N
]

1,2 ,

and from Figure 25,

M%EL ~ a - b:log ¢

’

where (Al,a ), (A2,a2) and (a,b) are estimated by (4.7, C.29),

1
(3.6, 0.25), and (4.4, 0.82) respectively. Firnally, let

Yc(t) z cumulative maintenance manhours per failure
Yin(t) = instantaneous maintenance manhours per failure,
so that
_ M)
Yc(t) TN, (E)
1
and
dM(t)
_ dt
Yin(t) = TERET
1 -
dt

a = b-(log t + log e)

3
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with analogous formulas holdlng for maintenance manhours per |
unscheduled maintenance event. Using the parameter estimates
given above, Yc(t) and Yin(t) are plotted over the sample
flight-hour range in Figure 26. From the Figure we see that
maintenance manhours expended per failure has remained rela-
tively constant throughout the first 7,000 production flight
hours, rising slightly for the first 3,000 and declining . .
slightly for the last 4,000. The same behavior but with even B
less variability can be observed for maintenance manhours per
maintenance event. 1In either case, one can conclude that 1if
learning resulting in more efficlent maintenance practices has
occurred, 1t has been counterbalanced by failures requiring
more maintenance manhours to fix. The findings of Figure 26
are supported by the mean time to repair production data, as
shown in Figure 27. Over the sample period, the MTTR has
remained approximately constant.

On the other hand, the MMH/FH values have remained well
below the program goal of 2.8. During GCT, reference [U44]

; (1.56 corrective MMH/FH), 1including deferred maintenance of
some items because of pending design changes, contractor-

offered some possible reasons for the low demonstrated value ‘H

performed malntenance which was not counted, and low numbers -
of flight hours on the prototypes at the time. Whether any -
of those reasons remailn valid, particularly low flight hours -
on individual production aircraft and deferred maintenance

time, cannot be determined untill more data have been collected.

The first periodic inspection on each Black Hawk aircraft

does not occur until 50C flight hours have been logged.

e. Analysis of UMSDC Data

R The UMSDC data system 1s designed to collect, process,
and analyze logistics management, equipment performance, and
maintenance cerformance data on specifled percentages of

30
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filelded fleet populations. A large fraction of the Black Hawk
fleet is currently being monitored under this data system.
The data furnished IDA are summarized in Table 17.

Note that while unscheduled maintenance events, mission
aborts, and unscheduled maintenance manhours are tracked by
the UMSDC system, the primary parameter receiving management
attentlon during the development phase--system reliability--
is not (or if it 1s, current system software is not designed
to extract 1t from the data base). Furthermore, a comparison
of UMSDCC data with RAM/LOG data suggests that at least the
first two parameters noted above are not measured under the
two systems in a consistent manner. In particular, the eight
FDTE aircraft (the first eight aircraft listed in Table 17)
W@ere monitcred for consecutive and approximately equal flight-
nour time periods by the two systems. The data appear in

Table 13 below.
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Table 17. BLACK HAWK UMSDC DATA AS OF JUNE 1980
r | Unscheduled . | Unscheduled |
: Aircraf fous® | et Mbercen 1 amnours
l First-vear Aircraft ; T \
| 7722721 91 %2 2 203.7
i 7722722 203 | 106 1 5 5 362.2
| 7722723 237 127 ' 2 i 212.1
| 7722726 90 56 3 ; 118.4
| 7722725 160 101 2 209.1
; 7722727 62 | 79 3 ‘\ 192.9
1 7722728 20 108 2 208.2

Second-Year Aircraft , | i
7822960 254 9 s 204
; 7822961 366 96 1 126.5 1
* 7822962 " 1se 75 4 154.8
| |
k 7822966 . 256 136 6 73.5
| 7822967 s 102 2 958
| 7822963 } 19 | 9 1 | 183.6
" 7622969 220 | 123 ; | 191.4
! 7822970 Lo %8 | 3| 206.7
E 7822984 ez 10 : 0 i n. 1
| 7822986 | o 36 ‘ 0 ‘ 91.6 ;
7822989 - 0 0 0.0
: 7822990 s 15 2 3
} 782299) T 69 2 165.2
| 7822993 EERTYI 53 1 o
% 7822995 ©30 a4 0 66.6
: 7822996 64 a ! 102.6
7822997 i 18 0 28.2
7822998 161 1 0 61.5
‘ 7622999 66 & 5 83.9
'7 7823000 89 a 1 103.1
7823001 82 2 1 39.1
7823002 60 18 0 50.4 ;
7823003 22 2 0 3.3 '
j
93
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Table 18. COMPARISON OF RAM/LOG AND UMSDC DATA COLLECTED
ON FDTE AIRCRAFT

Tine period | g2 | FLIGNE | e | liiinnce | Mssion | Mantemence
vents
May 79 - Sep 79 RAM/LOG 740 255 736 32 833.7
Oct 79 - Mar 80 UMSDC 742 - 404 7 911.3
Apr 80 - Jun 80 UMSDC 815 -- 360 16 845.7

The apparent discrepancy in unscheduled maintenance event
reporting evident in Table 18 stems from two possible causes.
First, mechanics themselves are responsible for reporting
maintenance events under UMSDC data collection, and it is
likely that many minor events (e.g., tightening a loose screw)
g0 unreported due to the paperwork involved. Second, other
le 3 critical repairs may be deferred until the phased inspec-
tions, the first of which does not occur until 500 flight hours.
The discrepancy in mission abort reporting was explained by
TSARCOM personnel as a definitional problem. Under RAM/LOG,

; a large number of mission aborts were precautionary landings
caused by chip detector lights. Under UMSDC, if such a landing
is made, the chip detectors are often removed, checked, cleaned

off, and replaced, and the misslon resumed with no abort
charged 1f the resulting delay 1s less than 30 minutes. (As
of this writing, the UMSDC data are being changed to label such
events aborts as under RAM/LOG.) Finally, although not apparent
in Table 13, TSARCOM personnel felt that more maintenance man-
hours would be reported for comparable tasks under UMSDC than
under RAM/LCG because hands-on time would not be as carefully
monitored under the former system. (For example, if a mechanic
S stops to smoke a cigarette while performing a maintenance action,
RAM/LCG data collectors will stop recording maintenance time,
but the mechanic, in reporting under UMSDC, is 1likely to include

such snhort brezks in hls labor total for the maintenance event.)
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For the above reasons, we used the UMSDC data only to
compare the first-year alircraft with second-year aircraft.
The data of Table 17 are summarized in aggregated form in
Table 19.

Table 19. COMPARISON OF FIRST-YEAR AND SECOND-YEAR
BLACK HAWK USING UMSDC DATA

Unscheduled

Aircraft Flight Unscheduled Maintenance Aborts per Maintenance

Hours Events per Flight Hour Filight Hour Manhours per

Flight Hour
First-Year 1303 0.513 0.0146 1.19
Second-Year 3026 0.427 0.0116 0.93
Total 4329 0.453 0.0125 1.01

The difference between unscheduled maintenance event
rates and first- and second-year aircraft has rather high
statistical significance, while the difference in abort rates
is of slightly lower significance.! As in Section C.d.2
above, the improvement in MMH/FH due to the improvement in
unscheduled maintenance events per flight hour can be deter-
mined by computing the gquantity maintenance manhours per
unscheduled maintenance event. For the first-year and
second-year alrcraft the values of the latter guantity are

13ased on a Wilcoxon Rank Sum Test (U5, p. 68] of the ordered system
maintenance event rates as computed from Table 17. If 21l the aircrarft

in Table 17 are used, the hypothesis of equal first-year and second-year
unscheduled maintenance action rates is rejected at the 0.06 level.

(That 1is, if the computed value of the Wilcoxon Rank Sum Test statistic

i1s used as the rejection level for the test and if the equality hypothesis
is, in fact, true, then the probability of a false conclusion is 2.06.)
Using the same procedure applied to abort rates, the rejsctinn level for
the nyrothesis of equal abert rates is 0.11.
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2.31 and 2.18, respectively. Under reasonable assumptions,
the difference in these two values is of rather low statisti-

cal significance.!

Thus, the UMSDC data confirm the finding of Figure 26
that maintainability, as measured by maintenance manhours ger

unscheduled maintenance event, seems not to have improved as

sacond-year aircraft entered the fleet.

D. SUMMARY

Through analysis of the RAM/LOG and the UMSDC data, a
Seneral pattern of reliability, availability, and maintain-
ability growth can be observed, RAM appears to gradually
imerove through GCT (approximately 700 contractor plus 650
Army f£light hours), remain constant throughout the Maturity
Phase of the program (approximately 1,550 cumulative Army
flizht hours), although at a substantially reduced level from
that measured during GCT, and then appears to rapidly improve
during the Production Phase. The lack of growth (or negative
growth according to [43] during the Maturity Phase apparently
did not imply lack of growth, or even slow growth, during
the Production Phase. Regarding the specific RAM parameters:

(1) The System Rellability goal of 4.0 hours MTBF seems

t2 have been achieved with the second-year production aircraft.
dowever, the second-year producticon aircraft appear to be more
reliable than the first-year production aircraft, so that the
2lack Hawk fleet as a3 whole will have lower reliability than

Figure 3 would indicate.

'assuming that the number of manhours recorded during each maintenance
ayent for each alrcraft is normally distributed with mean depending upcn
<he greduction year of that aireraft, and variance common to all such
recorded events, standard theory of linear models [46] can be used to
jerive 31 t-test for 2gquality of the {irst-year and second-year means.
That nyrethesis would te refected at only the .30 level,
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(2) The growth rate must improve if the Mission Reliability

goal is to be met. Either the system reliability and mission
reliability goals are inconsistent, or the managerial emphasis

-placed on achileving the system reliability goal caused the rate

of growth in mission reliability (e.g., through prioritization

of corrective actions) to be reduced.

(3) The Operational Availablility goal as defined for the
program appears to have been met by the production aircraft.

However, regarding the definition itself, linearly extrapolating
from peacetime data used in this analysis based on utilization
rates of 20-25 flying hours per month to wartime utilization
rates of 69 flying hours per month would seem to be an overly
simplistic method for defining operational capablility, and an

area worthy of more detailed study.

(4) Maintenance Manhours per Flight Hour has improved at

a rate equivalent to the rate of growth in System Reliability.
Mean Time to Repair does not appear to have improved during the
Production Phase of the program. However, measured MMH/FH has
remained well below the program goal of 2.8,
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Section 11

Boeing Vertol YUH-61A Reliability

The YUH-61A was the competitor of the Sikorsky YUH-60A
for the Army UTTAS program. Four prototypes of each competing
design were built--three under Army contract and one with
company funding. The YUH-61A accumulated 1,690 flight hours
through the OT II competitive fly-off. Following OT II, the
Sikorsky YUH-60A was selected and the YUH-61A program ended.

Figure 28, taken directly from a Vertol report, shows
NTBF for the three Army-owned aircraft and the company-owned
prototype (COP). It indicates an improvement ih MTBF for the
individual aircraft from less than one hour during the early
flignt program to about 2.6 hours prior to start of GCT.
According to Boelrg Vertol personnel, the MTBF achieved during
GCT was 3.0, which was right on the Boeing Vertol MTBF pre-
diction, which was based on a modifled Duane approach.

Figure 29, taken directly from a Vertol report, shows
the cumulative number of removals versus flight hours for
the YUH-61A dynamic components. These data conform closely

to the Duane equation

c(t) = 0.295(£)=0-36

Accerding to Boeing Vertol personnel, the MTBR demonstrated
during GCT was in fact 2,500 hours as predicted from BED

results.
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Section III

Advanced Attack Helicopter Reliability and .
Maintainabjlity Characteristics

In September 15372, in response to the report of a special
Army Task Force, the Advanced Attack Helicopter (AAH) program
was initiated. The Task Force had been formed to evaluate
both the high prospective production and support costs of the
AH-56A (Cheyenne) weapon system under development for the
orevious six years, and the knowledge galned from more recent
field experiments and combat operations concerning the
increased severity of the enemy anti-aircraft threat and new
tactics envisioned to cope with that threat. The result was
the AAH mission need, calling for an aircraft with greater
agility and hover performance than the Cheyenne, but with
lower speed, payload, firing range, navigation and gun system
accuracy reguirements, and also an aircraft which was smaller,
less complex, and cheaper to operate and maintain.

In June 1973, competitive Phase 1 Engineering Development
contracts were awarded to Bell ﬁelicopter Textron and Hughes
delicopter. Each contractor was to design and fabricate a
static test article, a ground test vehicle, and two flying
oprototypes. The competitive fly-off was held between June and
September 1376, during which time each contractor's prototypes
were flown for approximately 150 flight hours. In December
1376, Hughes was selected as the winner and awarded a Phase 2
Full-Scale Zngineering Development contract.

The Hughes desizn, designated the YAH-64, 1s a tandem-
323t (pilot 2f%), four-bladed aircraft with 2 three-coint
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conventional wheel landing gear. It 1s powered by twin
General Zlectric T-700 engines desizned and developed under
separate contract as Government Furnished Equipment (GFE).

}
I.

Under the Phase 2 contract, Hughes was to modify the two
Phase 1 prototypes, fabricate three additional air vehicles,
and design and develop and/or test and integrate the mission
subsystems, including the 2.75-inch Folding Fin Aerial Rocket
(FFAR), the HELLFIRE Modular Missile System (4YMMS), and the
Target Acquilsition Designation Sight/Pilot Night Vision Sensor
(TADS/PNVS). Phase 2 flight testing began in November 1978
and is planned to continue through August 1981. The total
Phase 2 effort is planned to be approximately 2,600 flight
hours and 1,200 ground test hours. When this Phase 2 effort
is added to that which was accomplished during Phase 1, the
totals willl be approximately 3,100 flight hours and 1,50¢
ground test hours [47]. Between January and March 1980; a
competitive TADS/PNVS fly-off was held, with Martin Marietta
Corporation being selected the winner over Northrop Corpora-
tion. DSARC III is anticipated in December 1981. If produc-

] tion 1is approved, the first production aircraft will be com-
pleted in November 1983.

Rellability, availability and maintainability objectives
have been established for the AAH program as follows [48, 49,
477

(1) Mission Reliability - probability of 0.95 of completing
a one-hour mission. Mission start is defined as the
beginning of preflight and completion 1s defined as a
successful landing at a predetermined point. PFailures
detected during preflight that require less than five
minutes to flx are not considered mission failures,
nor are fallures of expendable ordnance (area weapon
subsystem, FFAR rocket, HMMS missile).

(2) 3ystem Reliability - probabillity of 0.735 of completing
a cne-nour mission without a system failure. A system
f * failure is any fault in any of the subsystems (except
» for expendable ordnance) which requires unscheduled
’ maintenance. The corresponding system fallure rate
and system MTBF are J.21 and 3.25, respectively.

\
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(3) Flight Sarfety Reliability - 20,800 hours mean time
oetween catastrophic failures.

(4) Maintenance Manhours cer Flight Hour - 8.0 to 13.0
AVUM plus AVIM direct productive maintenance manhours
(scheduled plus unscheduled) including all subsystems.

(5) Mean Time to Revair - 0.90 hours of AVUM plus AVIM
on-aircraft corrective maintenance for all chargeable
independent and resulting dependent failures.

(6) Achieved Availability - 0.88 based on a utilization
rate of 110 hours per month.

In addition, RAM objectives have been established for ¢the
area weapon system and the TADS and PNVS systems which will
not be listed here.

Flight test data have been collected under the Army's
RAM/LOG Pata System (described in Section I of this chapter)
during the competitive fly-off in 1976 and throughout the
Phase 2 program. [he RAM/LOG data derived from published
sources and furnished IDA by TSARCOM are summarized in Table
20. The data from the three time periods given in the Table
are taken from references [49], [50], and [51], respectively.
Notable omissions from Table 20 are misslion reliability data
and achieved availability data from the 1976 time period. The
former data have not been collected to date since it 1is felt
that the profiles being flown are not representative of AAH-type
missions. Achieved availability was not measured during GCT
because maintenance procedures were not fully developed at the
time, nor were the aircraft sufficiently configured as attack
helicopters to provide useful data (49]. Also not included
in the Table are data from approximately 340 contractor test
flight hours [52] flown prior to the 1976 competitive fly-off.
With the exception of mean time to repailr, the data are sum-
marized in cumulative form. We were not able to obtain the
data which comprise MTTR--unscheduled maintenance event counts
and clock times for those events--to enable reconstruction of
the cuwnulative MTTR trend over the three time perioeds.
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To allow comparison with other helicopter development
programs, the cumulative YAH-64 system failure rate is plotted
on a log-log grid in Figure 30 below. The computed Duane
growth rate is 0.094. However, it has been pointed out by the
AAH program office, the TSARCOM Directorate for Product Assur-
ance, 2and the Army Materlel Systems Analysis Activity that the
YAH-64 nas undergone a large number of system modifications to
date and caution should be exercised in extrapolating beyond
the time periocds over which the data were collected. Also, as
discussed in Section I of this chapter, if the fact that the
contractor initially flew the prototypes for 340 hours were
incorporated into the data plotted in the Figure, the computed
growth rate would be somewhat larger.
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Figure 30. CUMULATIVE SYSTEM FAILURE RATE TREND OVER TIME
FOR THE YAH-64 ADVANCED ATTACK HELICOPTER
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Subject to the above caveat regarding the Table 20 data,
it can be seen that (a) MMH/FH has improved and lies well below
the program goal, (b) mean time to repair has not shown notice- .
able improvement, and (c) achieved availability has improved
considerably.
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Section IV

RAM Costs for the Army Utility Tactical Transport Aircraft
System (UTTAS) and the Advanced Attack Helicopter (AAH)

The Army Utility Tactical Transport Aircraft System (UTTAS)
and the Advanced Attack Helicopter (AAH) are the two most recent
completely new helicopters developed by the U.3. military ser-
vices. RAM was emphasized from the beginning in both programs.

It is very difficult to determine the true cost of RAM in
these programs. If one defines RAM as a recent innovation in
aircraft development designed to improve R&M characteristics
above some basic level, then the costs involved are relatively
small. However, if RAM 1s defined as including gqualification
of basic airworthiness, then the costs are a large portion of
total development costs.

A. RESTRICTED DEFINITION OF RAM

If we restrict the definition of RAM to the effort required
to improve R&M characteristics above some basic level, the iden-
tifiable contractor costs will be largely those of the Product
Assurance Group and subsystem and flight tests including sub-
sequent failure mode analysils over and above that required for
Mil 3pec gjualification for airworthiness.

In the early 1970s the engineering departments expanded
tneir organizations to include product assurance technical
speclalists who wrote detall specificatlions, test requirements,
and failure mode analysis crocedures related to R&M. They also
ned o977 drawings for compliance with R&M svecs to assure

(0]
[
(1 )

"o A

ting ":f’-the-toard" reliability goals.
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The organization for product assurance varied considerably

s among manufacturers, and hence cost comparisons are difficult

to obtain for identical tasks related to the R&M activity.

# From discussions with contractor personnel it appears that
during the UTTAS and AAH development programs, the manufac-

turers organized their RAM efforts as follows:

Boeing Vertol - Product Assurance reports to Engineering
and includes reliability, maintainability, safety engi-
neering, human factors, and survivability.

Sikorsky - Reliability and Maintainability as a group

reports to Systems Engineering (also called Attributes
Group) which includes other engineering technical dis-
ciplines.

Bell - Reliability and Maintalnability, Safety, and
Human Factors were separate groups in Engineering. A
Product Assurance group reported to Manufacturing for
the job of assuring currency of engineering changes.

Hughes - Reliability and Maintainability reported to
| Engineering. Safety and Human Factors groups reported
directly to the Program Manager.

The Product Assurance groups, like other technical dis-~

ciplines, are involved in the engineering design trade-off
; , cycle in which the optimization process considers all the
requirements. Accordingly, there is a cost impact over and
above the costs of the product assurance engineers.

The direct costs of the Product Assurance groups in the
four recent Army helicopfer development programs are shown in
Table 21. The additional costs imposed c¢on other contractor
activities by the Product Assurance Groups cannot be obtained
from any current accounting system. They can only be esti-
mated by a costly audit of contractor records augmented by
judgment. Our rough judgmental estimate is that they could
double or triple the direct costs indicated in Table 21. 1In
the Table it 1s indicated that direct RAM costs (Product
Assurance group costs) range from about one toc three percent
>f ,total contractor costs. If we include the other contractor

1190
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; Table 21. UTTAS AND AAH PRODUCT ASSURANCE AND TOTAL
CONTRACTOR COSTS
i (Thousand Dollars)
UTTAS AAHD
. Sikorsky | Boeing Vertol Bell Hughes
YUH-60A YUH-61A2 YAH-63A YAH-64A
Phase I
' Praoduct Assurance
(R&M only) 1,859¢ 3,306 1,210 1,303
l Total 86,900 117,000 75,554 97,865
Phase II
Product Assurance 623d - - 6,275
l Total 62,300 - - 373,919
’ Sources:
a. Boeing Vertol,
b. AAH Project Manager's Office,
' c. Sikorsky Program Manager (8 engineers for 3.5 years).
d. Tony Tornatore, TSARCOM, Memorandum, "Black Hawk Contract Cost Data,"
l no date. RAM program cost estimated at one percent of total contract
cost.

‘ costs discussed above, total RAM costs would probably fall some-
Where in the range of two to nine percent of total contractor

l costs.

Note 1in Table 21 that Boelng Vertol spent much more in the
l UTTAS Phase I competition on Product Assurance than Sikorsky.
Table 22 indicates that the R&M results achieved by the com-
This would indicate that
the nigher expenditures by Boelng Vertol were not effective.

ceting alrcraft were very similar.

Hdowever, the accounting system definitions may have been dif-
Further, the YUH-61A was Boeing Vertol's first single

rotor helicopter development and may have regquired extra

ferent.

resources to attain competitive R&M characteristics with the
Sikorsky YUH-60A because of Sikorsky's much greater experience

n 3ingle rotor helicoptar development.
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Table 22. SIKORSKY VERSUS BOEING VERTOL RAM VALUES
DURING DT/OT II .

AVUM/AVINM
Flight System Mission Corrective Achieved
UTTAS Program Hours (Failure Rate} Reliabilit MMH/FH MTTR | MTBM | Availability
8oeing/Vertol
01 11 304.9 . 391 .9614 2.156 .650 | .476 .942 ;,‘
0T 11 259.5 239 .9809 . 864 .473| .784 .963 ‘
Combined 564.4 .321 L9703 1.562 .592 | .581 L9462 "I
Sikorsky "',"
071 11 298.9 . 388 .9479 1.389 .607 | .566 .954 -
0T 11 254.3 .287 .9728 .945 .582 ] .831 .958 él
Combined 563.2 . 342 L9592 1.077 .598 | .663 .956 -

Sources: [41] and {53].

| onmeres |

In addition to the contractor costs discussed above, i
-4

there are Army costs involved in setting up and administering
the 1AM program. Zach Program Manager's Office has a Product Q
1

Assurance and Test Management Division. Further, the Army

maintains extensive R&M data reporting systems to support the

2% improvement program. RAM/LOG (Relizbility, Availability,
Maintainability/Logistics) is the RZH data system used during
the aircraft test phase. Dedicated personnel collect very
detalled R&M data on all aircraft. Cnce an aircraft is fielded,
RAM/LOG is replaced by SDC (Sample Data Collection). Detailed
(but less extensive than RAM/LOG) data are collected on a
selected sample of aircraft. Maintenance personnel fill out
modifisd TAMMS forms. An on-site dedicated field monitor
completes the operational Information and is responsible for
tne correctness of the maintenance data. CRIM (Component
ecord for Intensive Management) tracks individual components
{by seriil number) of all production aircraft. This systenm

vas s52% up primarily for warranty administration, but was
subseguently used on non-warranty components as well. Agproxi-
mately 170 components on each aircraft are tracked by 514,

whizn records all removal, repair, and installation =2ventsz.
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Je have not been able to quantify the substantial costs to the
Army of these reporting systems which inveolve a number of ger-
sonnel to record, computer process, and analyze large guanti-

ties of data.

B. EXPANDED DEFINITION OF RAM

If we expand the definition of RAM to include development
and gualification of basic airworthiness (a safety reguirement),
we can identify much larger costs. Activitles involved in this
process, in addition to those of the "Restricted Definition'of
RAM" discussed above, would include the materials and process
laboratory, subsystem tests, static test vehlcle, ground test
vehicle, and structural flight test vehicle. 1In addition to
the costs of the different units of test equipment themselves,
there would be the costs of conducting qualification testing
and the associated "break and fix" cycle involved in correcting
deficiencies. The costs of these activities make up a large
part of the total development cost of a helicopter.
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Section V

Comparison of CH-47C and CH-47D Reliability

The Army is planning to modernize all of 1its CH-47A,
CH-473 and CH-47C helicopters to CH-47Ds. The CH-47D will
nave uprated engines and transmissions, a new APU, an advanced
flight control system, fiberglass rotor blades, and a number
of other improvements. The first CH-47D, converted from an
A-model, began flight testing in May 1979 [54].

The D model willl have essentially the same performance
characteristics as the C model (15,000 pounds payload/4,000
feet /95°F); performance of the A and B models will be upgraded
to that level. Two of the major modifications--the fiberglass
rotor blades and the T55-L-712 engines--were approved as PIPs
to the C model and would continue even if the D program were
cancelled. 1In addition to the performance improvement, the
goals of the program are to extend the life of the fleet;
improve RAM, vulnerability/survivability, and safety; and pro-
vide enhanced terrain and night flying capability.

During the period April 1978 to December 1979, three
CH-U47Cs were flown for a total of 2,137 hours. During this
veriod reliability data were collected under the RAM/LOG
reporting system to establish a data baseline for comparison
with the CH-47D. The CH-U7D was flown for 342 hours in DT II
and 125 hours in OT II. The OT II was flown side-by-side with
the CH-U7C, which flew 123 hours in OT II.

The cumulative results of these flight programs as of
Auzust 19280 (2,250 nours for the CH-47C and 467 hours for the

H-472) are shown in Tabls 23,

o
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Table 23. COMPARISON OF CH-47C AND CH-47D FAILURE
RATES PER THOUSAND FLIGHT HOURS

Hardware System System Operational
Reliability Reliability
Failure Rate Failure Rate
Subsystem CH-47C | CH-47D CH-47C ' CH-4/D
Airframe 61 49 311 31%
Comm/Nav 38 45 46 60
Drive 36 34 64 68
Electrical 19 15 97 58
Equipment 46 21 103 79
Flight Controls 30 26 61 68
Hydraulics 21 4 54 15
Indicating 44 32 76 43
Landing Gear 14 26 26 34
Power Plant 99 26 283 88
(Engine) (40) (6) (87) (6)
Rotor 71 41 i 100 73
Total 479 319 1,220 903

A Hardware System Reliability (HSR) failure is any fault
in any equipment that results in the inabllity of the item to
vperform its required function and requires unscheduled removal
of that item. The unscheduled remcval rate 1s used to deter-
mine HSR including only Primary and Independent Failures. HSR
is a measure of the spares support requirement for the aircraft.
A System Operational Reliability (SOR) failure is one which
results in the 1lnabllity of any component to satisfactorily
perform its runction within specificatlions and requires unsched-
uled maintenance for correction. The total malfunction rate
is used to determine SOR including all Primary and Non-Primary
and Independent and Dependent Failures. SOR is a measure of
tne total unscheduled malntenance requirements of the alrcraft.
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Table 23 indicates that the rate of occurrence of both
types of failures 1is significantly less for the CH-47D than
for the CH-47C. However, 1t should be noted that the failure
rates for some of the subsystems are higher in the CH~4TD
than in the CH=47C.

Using RAM/LOG data provided by the CH-47D program office
as of 152 flight hours together with the data as of 467 flight
hours given in Table 23 above, reliability growth trends for
the CH-47D can be computed, as shown in Table 24. While no
growth can be observed for Hardware System Reliability, it
should be noted that the cumulative rates cited above are
already better than the mature program goal of .333 failures
per flight hour. The growth rate of 0.136 for System Opera-~
tional Reliability is consistent with growth rates of other
hellcopter development programs discussed in this paper. Using
this growth rate and extrapolating back to the 100 flight hour
point yields a cumulative System Operational failure rate of
1.11. The corresponding cumulative MTBF of 0.90 hours is 64
percent of the mature program goal of 1.4 hours MTBF, gquite a
nigh percent at 100 flight hours relative to other programs.

Table 24, RELTABILITY GROWTH TRENDS FOR THE CH-470D

Cumulative Failure Rates
Parameter 152 Flight Hours ! 467 Flight Hours Growth Rate (a)
Hardware System
Reliability 0.316 0.319 0
System Operational
Reliability 1.050 0.903 0.14
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Section VI

CH-53E Reliability and Maintainability Characteristics

The three-engine Sikorsky CH-53E has been developed from
the two-engine CH-53D. Changes to increase performance include
installation of a new seven-blade main rotor of increased diam-
eter, with blades of titanium/fiberglass construction, a canted
tail with increased diameter rotor, and an uprated transmission
of 13,140 shp capacity [54]. A General Accounting Office study
(55] concluded that planned parts commonality has been reduced
to the point where the CH-53E more nearly resembles a new air-
craft rather than a growth version of the CH-53D.

Under Phase I of the program, two YCH-53Es were built.
First flight was 1 March 1974. One of these aircraft was lost
in an accident in 1974. Phase II covered the construction of
a static test vehicle and two production prototypes, the first
of which flew on 8 December 1975. In February 1978, Sikorsky
was awarded a contract to begin full-scale production, with
initial approval for six aircraft [S54]. First flight of the
first production aircraft was in December 1980.

Figure 31, reproduced directly from a Sikorsky report [56],
shows cumulative and instantaneous abort rates versus cumulative
flight hours for the two production prototype helicopters. Note
that these data fit the Duane model quite well. The trend shows
a cumulative abort rate at 500 flight hours of 0.0805, a Duane
slope of 0.23 and a derived current instantaneous abort rate of
3.0620. The trend reflects data for the total aircraft exclud-
ing GFE and the prototype expanded automatic flight control

system (AFC3).
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Table 25 presents Instantaneous mission reliability,
system reliability, and maintenance manhours per flight hour
versus calendar time and cumulative flight hours. All three
of these R&M measures showed considerable improvement over the
period reported. The mission reliability figures of Table 25
are somewhat lower than those implied by the abort rates of
Figure 31 because Table 25 includes the AFCS whereas Figure 31
does not.

Table 25. CH-53E OBSERVED RELIABILITY AND MAINTAINABILITY
CHARACTERISTICS (with GFE and Expanded AFCS)

Cumulative Mission - System Maintenance
Flight Reliability | Reliability Manhours
Date Hours {1 hour) (MFHBF) per Flight Hour

30 Apr 76 428 0.89 0.62 19.47
30 May 76 474 0.89 0.62 19.47
26 Jun 76 490 0.90 0.62 19.45
30 Aug 76 569 0.90 0.62 19.45
13 Jdun 77 968 0.92 0.65 14.75
9 May 79 1,412 0.96 0.84 14.20

Source: Sikorsky Report SER-13242, Revisions O through 4.

The values 1n the table are point estimates (instantaneous
values) computed over flight hour intervals ending at the dates
given in the table. For example, the mission reliability of
0.96 reported for 9 May 1979 is based on four mission aborts
occurring during the 101 flight hours between cumulative flight
hour 1311 and cumulative flight hour 1412. Converting the mis-
sion reliability values in the table to instantaneocus mission
abort rates and computing a mission reliablliity growth rate
ylelds a value of a = 0.79. The system reliability growth rate
as computed from Table 25 1is a = 0.22. The mission Reliability
growth rate is extremely high relative to other helicopter
develorment programs. The system reliability growth rate is
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also relatively high. Using the system reliability growth rate

to extrapolate a starting (100 flight hour) cumulative MFHBF
vields a value of 0.28 MFHBF, 30 percent of the mature program
goal of 0.92. The reasons the data in Table 25 deviate from
the expected Duane slope values are as follows:

(1)

(2)

Cuane slope calculations assume that changes are incor-
porated throughout the development program as prdblems
are encountered and solved. In the case of the MH-53E,
the changes were incorporated in a block toward the end
of the development program, which resulted in sharp
increases in the Duane slopes for Mission Reliability
and System Rellability toward the end of the program.

Calculation of the Duane slope requires that the fail-
ure data be cumulative as well as the flight hours.

The failure data used to derlve the Mission and System
Reliabilities were computed over flight hour intervals
ending at the dates in Table 25 corresponding to the
cumulative flight hours. This resulted in the Duane
slopes showing higher growth (because the earlier fail-

ure rate data were excluded) than was actually the case.

The conclusion to be drawn 1s that when block changes are
incorporated into a helicopter, including design oriented (non-
R&M) improvements, the reliability growth data do not corre-
spond closely to the Duane curve formulation.
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Section VII

Cost _and Time Required to "Grow" R&M in the Development Phase

Duane [2] found that for some equipments cumulative fail-~
ure rate versus cumulative operating hours resulted in a
straight line when the data points were plotted on log-log
paper. He expressed these "Duane curves" by the equation

CFR = At™%

where

CFR = cumulative failure rate
A = initial failure rate (intersection at t=1 hour)
t = cumulative operating hours
o = exponent.

-a denotes the slope of the cumulative failure rate line:

when a is positive, there is a decreasing failure rate; when
i1t is negative, there is an increasing failure rate. If cumu-
lative failure rate versus cumulative operating hours falls on
a straight line (the "Duane curve"), then instantaneous fail-
ure rate will also fall on a straight line with the equation:

IFR = (l-a)At™®

The 1975 IDA Study [1l] included data on R&M growth during
the development phases of the AH-56A, OH-6A, and CH-53A heli-
copters. For convenilence, four figures from the 1375 Study
are reproduced here as Figures 32 through 35. Figure 32 shows
that the AH-56A fallure rate data fit a Duane curve juite well.
This program was cancelled after 1,426 flight hours of develop-

mental testing. TFigure 33 for the OH-6A covers both develorment
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and production flight hours. The first approximately 5,000
flight hours were developmental and the rest were production.
If we neglect the first point at 100 rlight hours, the data
indicate a decreasing failure rate that roughly follows a

Duane curve with a cumulative failure rate of about 0.6 at

130 rlight hours decreasing to about 0.4 at 5,000 flight hours.
Figure 34 for the CH=-53A/D is taken directly from a Sikorsky
report; 1t was replotted in Figure 35 on log-log paper. The
developmental flying (through FIP) roughly follows a Duane

curve.

The CH-53A/D data were for aborting failures while the
other data were for all failures. The growth rate for the
CH-32A/D (0=0.4) was much greater than for the AH-56A (a=0.1%)
r the CH-6A (a=0.10). (Note that a = 0.10 for the OH-6A is
or the first 5,000 flight hours. The o = 0.35 shown on PFigure

O

L)

33 1s determined by some suspiciously low failure rates after
10,300 flight hours.)

Figures 9 and 10 of Section I indicate that the Black
Hawk roughly followed a Duane curve during the Basic Engineer-
ing Development phase (if we ignore the point at 2.6 flight
nours). It then departed sharply from a Duane curve as indi-
cated in Flgure 9. Some possible reasons for this departure
are discussed in Secticn I. The growth rates and cumulative
failure rates at 100 flight hours for the three programs for
which we have failure rates for all failures are:

Cumulative Failure Rate

o at 100 Flight Hours
AH-50A J.106 1.7
CH-56A 0.10 0.6
7UH-60A (3ED) 0.13 0.7

We nave increased the YJH-6JA failure rate from that of
Figures 3 and 13 of 3ection I to account £or early contractor

io
aded.

(@]
-

Tlyinz trnz2t was 1ot In
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The above data indicate somewhat erratic trends of fail-
ure rate improvement during helicopter development programs.
However, in at least a very approximate way, the programs tend
to be characterized by the Duane growth process. Because of
the mathematical convenience of the Duane equation, let us
nypotnesize a "typical" helicopter development program char-
acterized by a = 0.13 and a cumulative failure rate at 100
flight hours = 0.7. These two values permit us to calculate
A = 1.274. The cumulative and instantaneous failure rates
for the "typical" helicopter are shown in Figure 36. Note that
the basic characteristic of the Duane curves 1s that the fail-
ure rate is reduced by the same proportion for each order of
magnitude increase in cumulative flight hours. 1In the case
of Figure 36, the failure rate at 100 flight hours is about
T4 percent of that at 10 flight hours; at 1,000 flight hours
it is 74 percent of that at 100 flight hours, etc. The nature
of the relationship becomes much more dramatic visually when
the instantaneous failure rate 1is replotted on a linear grid
(see Figure 37). On Figure 37 we have added a dashed line
(a=0.4) representing the fastest rate of improvement we are
aware of for any helicopter development program (the CH-53
abort rate). For comparison with the "typical" helicopter
(x=0.13), we have assumed the same cumulative failure rate at
100 flight hours of 0.7.

The failure rate is driven down during the development
ohase by a continuous cycle of "fall and fix" consisting of
the following basic steps:

1. Test nours accumulated:
a. bench test

(1) transmission test stand

rotor blade fatigue tests

£lizht control fatigue tests
miscellaneous component fatigue tests
failure data collected

LN
Ul ftw o
[N
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b. rotor whirl tower test
c. ground test vehicle
d. flight test.

2. Failures analyzed:
a. failure mode identified

(1) design deficiency
(2) quality control ‘
(3) unanticipated environmental conditions

b. corrective action established.
3. Redesign/rework to eliminate cause of failure.

4. Test redesigned/reworked component to verify adequacy
of corrective action.

5. Replace old part by new part in the system (test

alrcraft, spares, etc.).

The cost of this R&M growth process during the helicopter
development phase (Basic Engineering Development) is associated
with bench tests, whirl tests, and ground test vehicles since
the flight test vehicles are almost totally committed to veri-
fication of basic gqualification specification requirements.
However, the flight test vehicles accumulate a significant
amount of time in the operating environment and are an impor-
tant contribution to the R&M growth process during this phase
of the development program. This could also be true of the
maturity phase where design changes require requalification
and R&M growth results from the same test, analyze, and redesign/

rework process.

Later in the helicopter 1life cycle, it has been industry
practice to eliminate the ground test vehicle (for cost reasons)
but maintain the bench test facilities. Qualification of prod-
uct 1mprovement programs is usually accomplished by a combina-
tion of bench tests by the contractor and accelerated service
£lizht tests--generally at military test centers where this
testing can be combined with other flizght tests such as avionics

functilonal tests, pilot training, =tc.
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As can be seen, the rellability growth process involves
many interrelated elements. The conventional way of analyzing
changes in helicopter R&M characteristics over time 1s to
plot their values as a function of cumulative flight hours
(see Figures 32-36). When using such data, one must realize
that the flying per se 1s only one element in the R&M growth
process. For example, the mix of bench, whirl, GTV, and con-
tractor and Army flight teets used in the Black Hawk develop-
ment phase is presented in Figure 38 taken directly from a
Sikorsky report.

-

We were not able to estimate the associated dollar expen-
ditures for R&M improvement because current cost accounting
systems do not clearly separate expenditures for R&M improve- T
ment from expenditures for the many other aspects of hellicopter
development and production programs.

There 1s a schedule time involved in accomplishing R&M
improvement programs such as those depicted in Figure 37.
Figure 39 shows the rate of accumulation of developmental
flight hours versus years for several helicopter programs.
; The AH-56A, OH-6A and CH-53A data were developed from informa-
tion in the 1975 IDA Study [1]. Figure 39 indicates that the
OH-6A program accumulated more developmental hours more rapidly
than the other programs. The OH-6A was a much smaller aircraft
and thus the cost of accumulating hours was much less. Ten
CH-6A prorotypes were bullt (versus three Army and one contractor
for the Black Hawk). Programs similar to the AH-56A and Black
Hdawk programs would require about seven years to accumulate
3,000 flight hours; the OH-6A type program would accumulate -
10,000 flight hours in five to six years. As discussed above,
the accumulation of flight houfs is only one element in the
“ . R&M growth process; nevertheless, the above data on time
required to accumulate flight hours 1ndicate that extensive
R&M growth programs could take years to accomplish. The cost

. A ol oewd +—4
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and time required for such programs may be justified by the
necessity for achieving the R&M program goals which would
result in improved operational capability and reduction in

ownershilp costs in service use.

The Duane equation indicates that failure rate as a given
number of flight hours is a function of both initial failure

rate (1) and the rate of improvement (a).

Figure 40 shows

for various a's the cumulative MTBF at 100 flight hours, in

percent
program
reached

of mature program goal, required to achieve the mature
goal. A program is generally considered to have
maturity after 20,000 to 100,000 flight hours, and

Pizure 40 shows the relationships for both values. For exanple,
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if failure rate improves at the rate a = 0.2, the goal at
100,000 flight hours will be achieved if the cumulative MTBF ]
at 100 flight hours 1s 20 percent of the mature program goal.

On Figure 40 are plotted the values for the following
helicopters for which goals were established and for which
we were able to obtain Duane curves:

Mature Cumulative Growth
Program System MTBF Rate
MTBF Goal at 100 Hours (a)
AH-56A 10.60 0.59 0.16
UH-60A 4,00 1.40 0.13
YAH~-64 3.25 0.87 0.09
CH-53E 0.92 0.28 0.22
CH=-47D 1.40 0.90 0.14

Note that most of the a's lie in the 0.1 to 0.2 range. If that
rate of growth can be maintained to 20,000 or 100,000 flight
hours, then the cumulative MTBF at 100 flight hours must be
approximately one-third of the mature goal in order for the

‘ helicopter to meet 1ts mature program goal.

The UH-60A, CH-47D and CH-53E all appear to be capable of
meeting their mature program goals. The two major modification
programs (the CH-47D and CH-53E) appear much more likely to meet
their failure rate objectives than the completely new helicopter
programs. The AH-56A was unlikely to meet its mature program
goal (which was much more ambitious than those of the other pro-
grams). Since its cumulative MTBF at 100 hours was only 5.6
percent of its mature goal, its a would have had to increase
from 0.16 to approximately 0.4 in order to achieve its mature
goal. 1In fact, the AH-56A program was terminated after 1,426

h flight hours of developmental testing. The AH-64 may have

} .. difficulty 1n meetlng 1ts goal; its a will have to increase

v from the 0.09 experienced to date to approximately 0.17 in

; a order to meet 1its goal by 10C,500 flizht hours.

I
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Chapter III
PRODUCTION PHASE R&M DATA

Section 1

Navy 3-M Data

Navy aircraft maintenance data are reported under the
Maintenance Materilal Management (3-M) reporting system, a
computerized system operated by the Navy Main  .nance Support
Office, Mechanicsburg, Pennsylvania. Data are submitted on
all Navy aircraft 1n service use; the test period prior to
service use 1s not covered. Data are available on a monthly
basis. The Navy advised against our use of its 3-M data
before CY 1968 because of reliability problems prior to that
time.

Data are assembled by major operating command--for

example, the UH-1N reports show separate data for the follow-

ing operating commands:

FMFLANT (Fleet Marine Force Atlantic)

CNAP (Commander, Naval Air Force Pacific)
MARNFMF (Marine Non-FMF)

NATRA (Naval Air Training)

CNAL (Commander, Naval Air Force Atlantic).

Data for helicopters operating under combat conditions in
Vietnam probably are not representative of normal noncombat
operations. Accordingly, we excluded data from the Pacific
commands in our use of the 3-M data.
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The 3-M system permits the ready calculation of three R&M
measures: (1) mean flight hours between maintenance! actions
(MFHBMA);? (2) mean flight hours between failures! (MTBF); and
(3) maintenance! manhours per flight hour (MMH/FH).3 Tt is
also possible, with great effort, to obtaln mission abort rates;
however, in our use of the 3-M data we developed only the first
three R&M measures.

The 3-M data are coded by numerical work unit codes (WUCs)
which identify the various parts of the helicopter; this coding
permits one to assemble data by helicopter system. We assembled
data into the following systems: (1) airframe, (2) rotors and
hubs, (3) gear boxes and drives, (4) power plant, (5) instru- ' .
ments, communication, and navigation, (6) weapon systems (where -
applicable), and (7) total. 1In many cases the weapon systems
are responsible for relatively few maintenance actions, fail-
ures, and maintenance manhours; in those cases the data for the
WAeapon systems shown 1in the tables are not plotted on the graphs.
3-M data are avallable for five basic types of Navy helicopters:
the H-1, H-2, H-3, H-U46, and H-53.

Our 1975 study presented 3-M data for 1968 through 1973 ([1].
For the present study we obtained 3-M data for the period January

1973 through June 1979. In comparing the new 1973 figures with
those in our earlier study, we found slight differences. The

new quantities (of flight hours, fallures, etc.) in many cases
were higher, indicating that all of the 1973 data had not been
entered in the 3-M data files which we obtalned for our earlier

lReference [1] includes the following definitions:
Mainternance. All actions necessary for retaining an item in or
restoring it to a specified corndition.
Failure. The inability of an item to perform within previously
specified limits.

2Unscheduled maintenance actions only.

Ynscheduled maintenance only at the organizational and the intermediate
maintenance-activity levels.
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study. For that reason, we have replaced the old 1973 figures
in both tables and graphs with the new figures, and we have

not plotted the data for the first half of 1979 on the figures.
In the tables below we have not repeated the data for 1968
through 1972 which were included in our 1975 study.

1. The H-1 .

In Table 26 we have combined the data for all the single-
engine types in this series except the AH-1G gunship (i.e.,
the UH-1D, UH-1E, UH-1H, UH-1L, TH-1L, and HH-1K models).
Since all models in Table 26 are quite similar, we feel that
a more meaningful fleet average 1s obtained by combining these
types rather than by considering them individually. Tables
27 through 29 present data for three other H-1 models in Navy
service: the UH-1N, AH-1G, and AH-1J. The UH-1N and AH-1J
are twin-engine models. These three are sufficiently different
(from the H-1 models of Table 26) and we felt they should be
treated separately. Using the data of Tables 26 through 29,
the three R&M measures are plotted for the various H-1 models
in Figures 41 through 52. For all H-1 models, the three R&M
measures worsened markedly over the years these helicopters
have been in service.'!

The trends for the various components do not appear to
differ systematically from the trends for the total aircraft.
The R&M characteristics in the most recent years of the
UH-1/HH-1/TH-1 series, the UH-1N, and the AH-1G were all about
the same. However, the AH-1J was markedly worse than the other
models. The AH-1G deliveries began in 1967, while the first
AH-1J deliveries were in 1970 [57]. Surprisingly, the AH-1J,
which was based on the AH-1G, exhibited R&M characteristics
that were about twice as bad as those of the AH-1G.

'™n scme cases when a helicorter was entering service and the data for
tnese years were not meaningful, they were not plotted.
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Table 26

. NAVY 3-M DATA

UH-TL,

FOR UH-1D,

UH-1E,

TH-TL, AND HH-1K MODELS

UH-1H,

FLIGHT VAINT
YEAR  HQURS ACTIONS WFHBMA  FAl.. wTaF MAN®HRS  MH,'FH
—
AIRFRAME
1973 <Sles 384+ .51 5427 3.32 3piss .83
1975 =T243 15128 3.3% 7327 0.72 <lbls .38
197 33859 1837¢ 3.18 T287 5.09 £499% 1.2¢
197s 37833 15898 z.38 7641 .. 38 33790 los2
1977 33998 16682 2.43 3172 $.31 39444 1.47
1978 35293 19768 1.78 7389 4,78 24313 1.94%
1979 1%3s0 537 2.32 2867 $.28 llu68 1.9
ROTORS AND HUBS (MAIN/TAIL)
1973 3S1le5 <357 11.13 2999 18.7% 1864% .l
1974 37243 Snig 3,39 2922 1%,28 17982 .38
1375 58559 0dl? 8.47 2924 16,01 23333 .8
1375 37833 5350 $.9% 3211 11,72 Jo7l LS8
1377 54098 5a3l 9.2 3238 12,49 ER XS -
1978 35283 Tl Sein 3997 11,39 17224 77
1979 1543<e 2099 T.LT 1121 13,452 111zs .74
3ZAR 3UXES AND 3RIVES
i 1973 aSleS iedz 23.19 989 <S.07 “i31 .17
1974 <7243 27e7 17,37 1429 33.46 10398 .22
1978 <8559 2983  lo.3o 1437 33.73 3827 Lid
1976 37933 3870 LJ.38 1532 28,29 YA .34
1977 <4398 3443 13.1S 1277 3l.ve 1iasS .31
1978 35283 1932 12.93 1339 6,33 Lv03d .2
1979  lSJdse i 1.0 229 12, .a LR L33
.‘
SUWER PLANT
1973 <5165 3287 13.87 2174 2J.7 12878 .29
137+ $72+3 wbes 13.17 2677 17.0% 18439 .33
1975 18%%9 072  13.39 2532 19,41 16882 .32
1976 37833 <398 3.61 2361 16,02 20171 .23
1977 33498 71s 3,82 2814 15,28 23988 .69
1978 135283 5%29 s.39 3zZle 1J.37 <297 1.22
1879  15ds6 222e 5.76 1234 12,23 14453 .96
INSTRUMENTS ,COMMUNTCATION AND NAVIGATION
1973 3518S £219 3,55 3948 14.82 25287 -
1975 37243 €873 8,48 3537 13.37 23123 ]
197%  +48%%9 7663 5,34 5198 11.%8 29304 58
1976 37833 7348 5.18 9ds A5 857 .Te
1977 33498 7821 €. 7 <133 9.77 32137 .S
1978 35283 7277 E-1 386s 9.13 34739 .38
1979 1Sise 2961 s.98 1518 3.33 12843 .as
NEAPON SYSTEMS
1973 Sles 19 377,11 7 esSi.la TS LJd
1974 47243 12 "336.32 < 11810.7% 5 PP
1978 38859 1J 485%5.3¢ & 3711.99 3 IPP]
1370 37833 19 1991.:21 78335471 "1 Wdd
1977 50298 loS  Zi3.02 sl  057.3s 293 .oz
1978 35283 219 lei.ll 33 379.39 .18z .43
1979 154+6 128 122.37 T 391,38 329 os
e e T T AL e,
1977 45168 139%3 1.89 1508+ 3.21 ladnz? 1.23
1975 37243 330¢3 los3 17446 1.7 1J8641 .30
! 197¢  (3%%9 in7de 1,32 19720 l.ns 127938 len3 .
i 1978 37913 37883 1.4l 19080 1,29 Licag. 1,33 i
) 19T LJaes k-PIS] 1.0 Lol leun MR P . |
) 1973 582233 .+~ ine L34 12090 P I} L3ei ] i ie !
' 1372 L8dwo Lells .29 “ioe l.00 A328, <. 38 :
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' Table 27. NAVY 3-M DATA FOR MODEL UH-TIN
' I FLIGHT WAINT
YEAR  HOURS ACTIONS MFHBMA  FAILL. MTSF  MANSHRS  MH/FH
AIRFRAME
1973 15793 i280 3,71 zasy 672 14377 .92
1975 15628 i239 3,67 2337 5.58 13679 .38
1975 1553b 5323 3.5+ 3413 .85 21883 1.34
1976  re3es 8352 1.95 3132 1,37 27339 1.67
1977 17871 3725 1.82  479% 5.09 31836 1.82
1978 18232 9155 1,97 <772 3.78 33728 2.8
1979 7888 392: .21 z23¢ 3,53 19625 2.43
l ROTORS AND HURS (MAIN/TAIL)
1973 15792 1330 11.24 05s 28.37 4134 .26
197% 15628 1228 12.71 5 zs.28 3586 .24
1975 15536 285:  £.79 398 18,40 8492 3
1976  1638% 2336 5.56 138} isile 9528 T
1977 17671 2621 .79 1172 15020 12631 7
1978 182332 285 9.42 1% 13.72 1241¢ )
1979 7888 See 14.54 323 26.43 2851 .32
GEAR BOXES AND DRIVES
1973 15792 075 23.39 itg 37,78 2960 .19
1973 1628 719 21.71 361 23.24 31as 22
1978 1853b 1142 15,48 iss 36, 34 1349 iz7
1970 1638S 1173 13.97 s68  z8.3% 451 .33
} 1977 17671 1391 13,70 511 %8.32 7873 Rt
1978 18232 1513 11.92 722 25.76 118s% .60
1979 7888 30 17.87 226 35.36 1676 .21
POWER PLANT
1973 15792 23642 o.48 1483 13.eS 15382 .97
197: 15628 198z 7.87  12éz  12.57 18327 1.23%
1975 16536 65 5,23 1724 9.72 16865 1.42
1976  1638% 3889 .54 2356 5.9 23328 1.4z
1977 17671 3631 4.9l 1292 7.72 22367 1.27
1978 18034 3428 .32 2179 8.27 26236 l.ao
1979 7988 1344 5.36 953 3.28 14329  1.78
?
: INSTRUMENTS , ZOMMUNTCATION AND NAVIGATION
1973 15792 289z .46 1328 11.20 14737 .68
1973 15628 %13 5.98  1iSe  13.72 14239 64
1978 1§33e 2919 S.u5  lslz  12.26 11586 272
1976 15388 3879 i.s8 1993 8.22 16614 1.1
1977 17671 876 4.58 1944 9.11 16298 .91
1978 18232 i283  4.2) 1867 3.56 22722 1.2
1979 7888 1662 4.7% 318 9.04 905l  l.z2
WEAPON SYSTEMS
1973 15792 12 1879.44 i 3947.52 9 L34
1973 15628 12 1322.87 s 3121.62 2 a2
1975 1oS3e 3 1837.33 : 3268.42 12 30
1975 1638 3 1822.56 s 3277.J2 1 .92
1977 17871 3 1963.44 N L 1 .32
1978 18232 15 18¢3.42 i isa7.52 le Y]
1979 888 3 2629.33 I 3994.40 < Y
LA B I T
o ' 1973 15784 11027  1.38 0229 2,53 $7625 3,01
- 1975 18828 12822  1.4S €963 Z.92 0965 3,01
1978 18536  11dl 1.33 3285 .as 52658 3.7
1975 in3gs 191732 S3e :g139 1.6z 82372 "£.53
. 1977 %871 21183 NEREEYTIS 1,03 92910 f.ia
1978 18433 t43e3 .29 13T 1073 117872 5.2
w 1370 -aag 3020 38 TLiae [P 2738~ m.if
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Table 28.

NAVY 3-M

DATA

FOR MODEL AH-1G

FLIGHT VA INT
YEAR  HOURS ACTICNS VFHBMA  FAIL. uTSF MAN=HRS  ¥H/FH
AIRFRAME
1973 1382 ca7 2.32 333 Yed9 1768 1.32
1973 1396 $31 2.63 286 $.38 1611 W18
1978 1237 328 .59 237 z.3¢ 61l 2.43
1976 1372 T84 1.38 366 3ed2 3272 2.22
1977 2691 1224 2.22 594 3.38 3330 1.32
1978 isl 371 .97 192 1.38 1567 4.46
1978 J < .32 z 3.3 5 3.2
RQTORS AND HUBS (MAIN/TALIL,
1973 1362 38 li.34 51 22.33 5381 .39
1974 1396 174 8.42 56 21,18 €36 .2
197% 1287 172 7.48 9 14432 1147 .99
1378 1472 259 $.5a 122 12.07 1717 1.17
1377 631 38+ 7.41 224 12.41 2963 1.1
1378 EE 3 3,35 <7 ~.38 %39 1.2%
1979 J - J.dd : vedd 3 2.4
SEAR 3GXES AND DRIVES
1373 iinz T2 18.32 <3 27.32 ils .l
1974 1396 77 18.13 P 27.32 344 P
1978 1237 173 Teas 14S 12.26 7ol .39
137e 1472 186 7.91 31 18,17 1019 .99
1977 2531 293 lJ.81 122 2i.d6 131 .35
1978 jol 51 7.48 P 15,404 273 .76
1979 y L .30 J Jedd 1 3.9d
PUWER PLANT
1373 1302 T 5.28 133 1d.24 s18 .38
1974 1398 143 9.37 33 16.32 599 .43
197¢ 1297 239 4eaS 158 3,18 338 .7
197y 1572 i+ £.91 126 11.58 1518 1.3
1977 2531 339 3.71 188 19431 1232 Y
1978 iel tls .17 8 n.i2 227 1.:8
1379 J 7 .32 2 Jodd 17 4.93
INSTRUMENTS , SOMMUNTIZATION AND NAVIGATION
1973 1362 31s .32 122 11.16 1263 .78
1974 1396 328 4426 128 1117 8u2 02
1975 1297 268 1.32 127 1d.23 1557 1.21
1976 1472 364 4409 158 3.32 1623 1.49
1977 2691 538 1.91 8% v.58 3838 1.4l
1978 361 1ol 2.24 50 a7 1J6s 2.3%
1979 J L 3.d3 L J.Jd 3 3.3
NEAPON SYSTEMS
1973 1362 53 21.82 1T 34.12 177 %]
1974 139¢ e s8.l7 3 17i.32 €s s
197% 1197 % 29,25 12 La7.z8 32 .Jb
1976 1472 * 18.53 38 12.00 3as .35
1977 1691 194 li.le 22 9.3 2158 .32
1378 jal 5 li.es L4 je.ly 33 .3
1979 J 5 Jedd : Joda 18 Jedd
L - . ? " ‘ - L ] L 2
1973 1302 1343 1.41 1.3d <184
1974 1396 1233 1.39 Z.26 <dSe
197¢ 1287 17t .7 L.39 1496
137n 172 1317 . TS %1,
137" isdl idee .38 tasl L58€2
1279 inl 11- van : 3 iv-¢
1373 . o Jed Lz Gecd 0
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Table 29.

NAVY 3-M DATA FOR MODEL AH-1J

FLIGHT WAINT
YEAR  HOURS ACTIUNS WFHBMA  FAIL. “TSF  AN=HRS  YH/FH
ATRFRAME
1973 0824 1569 1.43 2439 Z.07 12021 1.84
1974 5378 3352 L.54 1323 £.32 11352 z.12
1978 7544 €356 1.53 812 .72 1314d 138
1976 152 <789 1.28 2559 1,34 13823 2.08
1977 5088 7123 .36 3982 1025 19331 3.18
1978 $435 £208 .38 2949 1,81 17557 3.9
1979 1118 11ze .99 535 1.35 vd6 3 S.44
RUTURS AND HUBS (MAIN/TAIL,
1973 0S24 314 7.14 i1l 1367 .57
1974 $376 *81 .38 113 2248 .78
197< 7644 1159 5.99 sz 2291 .56
1976 $1ng 367 .34 2la 12.3 a562 .38
1977 5588 111 $.:8 Sl 11,39 il72 .n8
1978 438 315 T.:a 340 13,04 3434 .7
1379 1118 243 5,49 37 1.3 578 .ol
5TAR 30XES AND ORIVES
1973 2324 58 9.21 43z 15015 3843 .39
1974 €37 i6l  ll.oe 259 19.39 2o .38
1975 7804 D 3.6 03 2.7 3230 .3
1376 Slsz 324 5.32 493 1z2.31 2063 .38
1977 0488 3ze 6.57 417 li.0d <2258 .02
1378 a43€ 533 6.79 519 13.34 §378 1.zl
1979 111s lio 7,04 35 12.97 338 .35
POWER PLANT
1973 5524 2107 3.41 1324 5,93 2253 1.87
1973 $376 1995 2.32 1337 3.39 12389 2.34
1975 7844 2234 3.3z 1368 s.5a 3594 L.l2
1976 5162 1593 3.25 1212 3435 0877 1.33
1277 5488 2237 2.71 1336 i.56 11762 1.33
1978 3438 1737 2.8 1152 3.38 12592 2.35
1979 1118 352 3.17 217 S.13 2154 1.33
INSTRUMENTS, COMMUNICATION AMU NAVIGATION
1973 5524 2218 2.94 JELN 5.19 6462 .99
1974 €376 1527 3.57 821 6.55 7228 1.35
197 754d 2293 3.55 383 7.77 2285 .82
1975 Slo2 1599 3.23 362 .22 3212 1.59
1977 3488 2112 2.38 1229 5.33 12284 1.66
1978 4438 182 2.82 T3l .39 3887 2.34
1979 111s 122 3.46 172 5.56 1857 1.-7
WEAPON SYSTEMS
1973 5524 1237 5,20 i61 li.1¢ 2991 .48
1975 3376 7al 7.67 349 15430 3271 .0l
197¢ 644 369 .38 a7 17.49 $239 T
1976 1162 932 S.54 443 1l.98 6513 1.28
1577 488 395 0,12 i0% 13.12 $734 .34
1978 4438 17 5.19 69 16.43 3737 .34
1979 11158 224 .38 9 1i.l 1313 1.1
. & ® ': O - A - * ® ®
1973 2324 11613 .56 5121 1,37 1993% 0,12
1995 378 3738 .52 €122 1,08 39384 e
197 644 12637 .51 5533 1,17 i1588 ER
197 Sinz 10832 .38 317 .39 45182 3,78
137° 2488 14431 ez 592 .79 $5280 208
1373 S L5887 ¥ ERk P .o $1839  ll.oj
1373 L 1373 7 1383 .39 12999 ll.oo
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2. The H-2

The U.S. Navy is the only operator of the H-2. A total
5 130 were built--each with a single T-58 engine. Eighty-
2izght were UH-Z2A aircraft and 102 were UH-2B aircraft, which
iirffered only in the noninstallation of certain electronic
navization equipment. Starting in 1967, the survivors of
these 190 aircraft were all converted to twin T-58 engineé
and were redesignated as the UH-2C, HH-2C, HH-2D, SH-2D, and
SH-2F. We first segregated the 3-M data for the H-2's into
three groups: (1) the UH~2A and UH-2B; (2) the UH-2C, HH-2C,
and HH-2D; and (3) the SH-2D and SH-2F. However, the three R&M
measures for these three groups were all quite sinilar in
total and by component, both in levels of R&M and in trends
cver time. Accordingly, in Table 30 and Figures 53 through )
5, We have aggregated data for all the H=-2 ailrcraft. Figures
23 through 55 indicate that the three R&M measures have all
worsened somewhat over time. The trends for the various com- -
conents do not appear to differ systematically from the trends

Tor the total aircraft.

Compared with the other Navy helicopter types, the H-2
R&M characteristics are poor, particularly relative to the
d-1 aircraft, which are approximately the same size. There

are probably several causes contributing to this result:

¢ The H-2 generally has been operated in detach-

ments of one or a few aircraft. Zconomies of
scale thus have been lacking in their operating «
environment. !

¢ Fewer H-2 aircraft than any c¢f the other types
were dbuilt. Accordingly, the economlc incen- ‘
tives to introduce product improvements have
not been as great as for the other tyves.

e Insofar as years of experience and production

quantities are concerned, Xaman 1ls somewhat .
oehind the other manufacturers.
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Table 30. NAVY 3-M DATA FOR ALL H-2 MODELS
TLIGHT “AINT
YEAR  HOURS ACTIONS MFHBMA  FAIL. WTBF  VAN~H4RS  MH/FH
AIRFRAME
1973 1z18¢ 1438 .32 7838 1.62 37618 3.9
1974 L1453 17083 .85 7713 1,43 22327 3.52
1375 13473 1714l .6l 8184 1.28 11859 i.d2
1970 14634 18893 .37 9287 l.0l $3324 3.82
1977 13471 18564 .73 7943 1.73 $9927 .38
1378 12494 21561 .59 4189 1.53 52288 .33
1979 1398 894 S 3831 1.33 35783 .18
AGTURS AND HUBS (MAIN/TALL
1973 l218% i93s i.:8 2893 i.2t 17489 1043
1975 11453 3926 1.7¢ 2131 .19 13584 1.23
1375 13373 1133 3.34 1597 5.52 12339 .39
1978 liels 3336 3.6 1783 8.21 11982 .32
1977 13i71 351s 3.33 1589 7.38 13858 1,01
1978 12434 1564 .78 2191 $.72 18719 1,52
1379 <39¢@ 2234 2,46 1932 .35 3894 1,78
3ZAR 3UXES AND JRIVES
1373 Lil8e 2242 £.53 1288 9.71 2849 .31
1974 11483 717 .37 1247 3.2¢ 12349 .33
1978 12473 2788 3.78 1249 .80 13223 .37
1370 13833 31331 4039 1521 9.02 11218 .39
1377 13371 3394 4438 1316 9.51 13173 1,45
1378 12494 Ja6s $.08 1828 3.19 15472 1.2l
1979 +998 1143 4437 <87 8,51 142 .32
SUWER PLANT
1373 13188 3211 2.39 2385 s.11 10417 1.31
1975 LLa%3 4732 2.3% 2359 4289 15112 1.38
1975 134473 i5dd .38 176 4.8l 14355 1.37
1978 14534 ERET 2.3% 2312 .34 21863 1.47
1877 13471 <381 3.27 1822 7.33 15577 1.23
1978 12494 1278 z.32 2244 5.25 19009 1.82
1979 998 1358 3.33 688 7.28 7232 1o34
INSTRUMENTS , COMMUNTCATION AND NAVIGATION
1973 l218¢ $248 .32 2629 4.83 17687 1.48
1974 11353 1778 2.31 1286 $.84 18685 1.69
1978 1247 $7% 2.22 2148 3.98 12961 2,32
1976 L3634 §233 2.31 2284 5.3d 28321 1.71
1977 13471 3933 .73 2138 5.31 33397 1.73
1978 12434 638 2.69 2131 £.36 22879 .81
1979 398 2163 :.31 385 £.23 3833 1.91
WEAPON SYSTEMS
1973 lzla$ il9  $S.d4 11i 136,89 733 .36
1975 11483 363 13.sS 153 §9.32 222 .38
1978 12473 518 17.43 : 37.87 1389 .13
1375 13634 513 23.37 265 SE.33 2332 s
1977 13471 5§77 13.3% 229 58,33 196 .13
1378 12494 635 2d.69 249 39,78 1532 A3
1979 4398 332 16.5S 139 25,38 32 1z
Te Ty T A e
1973 12185 31665 .38 18811 .72 29313 3.1%
1974 11283 13697 .33 1:89% .72 38518 3.3l
197% 13473 32831 W32 _1%622 .07 395398 3.52
1376 14§34 35619 .e9 L7281 .33 126838 3,68
1377 13371 18364 .38 18233 .38 129324 3,06
1279 12334 18700 iz léiss . 137154 14.28
1373 1398 12038 11 “234 L) 1310 11.23
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3. The H-3

Most H=-3 aircraft in Navy service over the 1968-1978 time
period were SH-3 aircraft (antisubmarine-warfare helicopters)--
mainly SH-3A, SH-3D, SH-3G, and SH-3H aircraft. Table 31 pre-
sents 3-M data for all H-3 models; the three R&M measures are
plotted in Figures 56 through 58. Relative to 1968, all three
measures improved markedly in 1969, but after 1969 they wors-
ened fairly steadily over time, until they were considerably
worse in 1378 than they were in 1968. The trends for the
various components do not appear to differ systematically from
the trends for the total aircraft.
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Table

31.

NAVY

3-M DATA FOR

ALL

H-3 MODELS

FLIGHT MAINT
YEAR HOURS ACTIUNS VEFHAMA FAla. wTBF MAN«HRS MH/FY
AIRFAAME
1973 EYILE] joolo L.ln 19753 .18 98432 2,28
137 <38l “essl PP R 13w2s e 23 111873 .58
137¢ <68lz? <07 3¢ .39 tlsliz 2.5 13937 3.32
137§ <7138 31339 32 2312s Zedw 1399+9 .18
1977 <7857 5391 1] 33891 1.39 168679 3..3
1978 <S80 319039 7S 6794 1.7 loddel 3.57
1379 18117 i9d9s 7 tleTs 1.58 94599 .58
ROTURS AND HUBS (MAIN/TALL
1973 vis03 23w 5.71 32-8 237 2878 .89
1974 <3918 9312 0,29 331« 13.12 29106 .87
197% <8129 7989 £.77 3887 11.37 33214 .78
197w -7138 3,98 .32 j9el 11.39 Jsell .78
1977 « 75T 33~2 £.74 <432 1l.32 1 3781% <33
1973 «~inae 3333 Saan 377e Léew8 33azge .73
1379 13137 3Zlo S.lo 173 LJ.38 13853 .76
STAR 3CXES aND ZRIVES
1373 4703 Li.30 LTy c3.39 217+ od
1973 ~3al3 13,28 278 iS.32 20.31 .
137¢ 01l t3.34 L3467 t2.33 . 22493 .8
137 733 t3.:3 g2 .77 22279 ee?
1377 ~7S7 1l.0d 2483 23.08 28318 .04
1379 +33~0 ag <33l 19,58 o287 .28
1379 L9137 ceeas 391 13.39 3] v
POWER PLANT
1973 ~4+03 ERL 2.03 333~ Ld.l3 5177 .33
1374 «3=al TLled 2447 jvdl PO <3548 .83
197¢ <9423 R 2442 3€3s PP 3720l .31
1974 ~7133 3387 €.33 38.l - 2391 .39
1977 STE4T 33l f.14 v ti.3 ~33%0 .31
1978 <5646 13384 +esd 3718 12.28 Sdidsa l.ld
1979 18137 ~213 33 lese 12.28 19897 1.1
INSTRUMENTS , COMMUNTCATION AND NAVIGATION
1973 EFLLE] L5228 2.582 7873 .61 4313 1.29
197¢ ~3+l8 1689 .57 787 $.32 39344 1.37
197¢ 6129 19473 Q.92 2827 S.42 75181 l.sl
1976 +7138 19323 e ma 93¢3 S.04 33537 1.78
1977 787 19632 iowl 35258 S.0n 31322 1l.71
1978 18646 19188 2.38 177 $.58 81392 1.78
1979 18137 T73s a8 3zza $.82 32.68 L.77
WNEAPON 3YSTEMS
1972 24883 131¢ 32.32 €73 Teell 288% a7
1973 43418 1645 26,39 293 79.28 <244 <1
197¢ 36129 1838 25.51 512 T8.37 1736 W49
1976 17138 1883 25,43 72 32.51 g118 .41
1977 27887 2822 16.38% T1% 56.52 5349 ls
1978 +56<4 3893 11.73 1132 “d.32 9222 28
1979 18137 1629 11.43 <37 +l.33 353 .23
TreTuTAG .
1973 AL E] ta123 .8l 3617 ladl 225117 §.28
1974 $3418 77891 .38 3832 .22 233392 8.33
197% +6129 37%74 .33 l9e6q L.l 312232 .76
1976 47138 IISES .39 <1087 tead 138478 T.28
1977 ~TEST 39603 .38 2780 1.2l inl3ldsl Teow
1978 +86w0 .o8123 ¥ 5226 .39 363838 e a
2379 13137 «+381 T 13322 W38 141883 “.32

e ———— T R e
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4. The H-46

Most H=-U46 aircraft in Navy service are CH-U46 aircraft
(cargo helicopters)--mainly CH-46A, CH-46D, and CH-U46F air-
craft. Table 32 presents 3-M data for all H-46 models; the
three R&M measures are plotted in Figures 59 through 61. The
R&M measures show the same general pattern as those of the
-3 aircraft; relative to 1968, all three measures improved
markedly in 1969, but after 1969 they worsened considerably,
until they were much worse in 1978 than they were in 1968.
The trends for the varlous components dc not appear to differ
systematically from the trends for the total alrcraft,
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Table 32.

NAVY 3-M DATA FOR ALL

H-46 MQDELS

? FLIGHT VAINT
YEAR AQURS ACTIUNS MFHBMA FALL. vwTBF HAN~HRS vH/FH
AIRFRAME
1973 30lda? 28587 1.7 o228 .23 33413 .57
1973 317874 15379 1.48 18472 .48 119631 .32
197¢ +die7 <3854 .32 3ledd 1.32 141114 3.54
197 <2279 +3151 .33 23241 1.39 158290 3.33
1377 ~+892 53832 -2 24311 1.8¢ 209353 Tanb
1978 <2188 2039 .33 27121 1.88 198953 4. 72
1979 17838 24810 .37 10883 le6is 77762 436
ROTURS AND HUBS (MAIN/TAIL)
1973 ELEPR) 1lie2 3028 2127 3,34 +d97¢% 1.13
1974 37874 122209 3.14 ~=27 8.36 £l819% l.3o0
197¢% <4367 11319 .57 2343 7.38 534921 PO B
1970 +d279 11281 3.63 2192 7.7 S704d3 l.a3
1977 %892 13877 3.23 nlad T3l 79923 1.78
1978 ~ZLlSE 13831 3.12 LTI 0.31 3ze27:2 L.27
1979 17838 3379 3.3z T 0,38 i3elT l.o”
SEAR 30XES AND DRIVES
1373 iv3a7? jodzZ 3.30 1379 13,38 24358 i
1974 37874 388s 3.83 iddt 12.3% i+3i3p -
1a7s% «+J 367 417 §.4% P in,ll 3lel3 .31
1970 4279 +842 8.39 PERS 17.37 3978 .30
1377 +3892 £942 7.81 7T loead <037 ledw
1978 +2188 932% 7.43 3299 2.7 ~inde .39
1979 17938 2554 ’.28 1288 13.38 1521%¢ .35
POWER PBLANT
1973 30347 Son7? Daes3d 27¢%9 13.17 31473 .30
1874 37874 571 B.3a 237¢ 13.1l% i%e3S leos
l97s «d 367 Jio4 e 77 3bsS Ll.a7 1742 L.36
197e ~d273 3720 ae82 ELY-P) 13.3¢ 56793 l.al
1977 «5892 323% S.9n 3884 Ll.8% 55994 L.28
1978 ~3L8% 3.1 .56 sa%e 13.2¢9 27J5E .28
1979 17838 33ss $.32 13434 11.39 PETY-P] 1.4
INSTRUMENTS ,SOMMUNTCATION AND NAVIGATION
1973 in3a7 1108% 3.1l Bl 5.81 <1138 1,13
1974 37874 1273 2.97 5873 s.51 35482 1.23
197% <4367 13833 2.98 8358 £.32 51283 1.28
197% +d279 1333 3.2 5894 S.3% 63629 1.5
1977 ~++892 152448 2.32 3ss2 S.28 78431 leo7
1978 -2l8¢E led7s 2.82 83cs S.98 33298 1.3
1979 17838 53358 2.32 ERE £.33 321s3 1.8
NEAPOUN SYSTEMS
1973 isl3a7 34 1307.3% 5 2481,17 <1 .dd
’ 1374 1787s 37 1423.52 T 8412.57 o8 .J3
197¢ +d307 23 17%5.29 11 3663,73 R od
1374 ~d279 23 338,72 1d +d237.392 2d dd
w977 424392 31 1s48.13 4 11223.03 a4 .dd
1978 22185 33 1277.52 1d +215.%52 37 33
X 1979 L7a3s le 1115.869 1 1783%.23 P33 Ldd
v ® ® ‘.‘ - '.' A - * ¥ »
| 1973 1613197 5479¢ “0d il<ld l.l8 220992 .l
1375 37874 73al4 - 35661 1.09 IR S RAN T8
197% +d367 32191 o3 3946w l.22 3331a3 3.:8
| 197% ~d279 3113 -p) 3I829% l.d% 373289 .27
\ 137" <392 387vze aa3 +5598 EL] <S8 1J.21
| 1978 “2l5% 37304 el 4358 % .38 1043953 .9.33
| 1373 .735%8 i8ds v 13TZs .33 L7503J E

!

o~ ye
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5. The H-53

Most H-53 aircraft in Navy/Marine service are CH-53 A and
D cargo helicopters; the remaining H-53s are RH-53D minesweep-
ing helicopters. Table 33 presents 3-M data for all CH-53
models; the three R&M measures are plotted in Figures 62
through 64. Table 33 includes R&M measures for CH-53 weapon
systems. However, since the weapon systems accounted for'such
a small portion of the total R&M activity, the weapon system
data polnts in most cases did not fall on the R&M scales used
in Figures 62 through 64 and therefore were not plotted on
these figures. All three measures show a generally worsening
trend over the 1968-1978 period. Rotors and hubs exhibit
trends worse than those of the other components. The trends
for the other components do not appear to differ systematically
from the trends for the total aircraft.




Table

33.

NAVY 3-M DATA FOR ALL H-53 MODELS

FLIGHT MAINT
YEAR HOURS ACTIUNS VFHBMA FALuL. MTBF MAN=HRS “H/FH
ALRFRAME
1373 19543 2J7+9 .29 12420 1.59 07213 3.83
1974 24779 24803 1.J09 12249 1.79 78434 3.0l
197¢ 10798 19749 .35 19853 l.88 92493 €.51
1970 18749 23399 .84 12262 1.33 139519 €.8%
1977 24947 Z~128 .37 13395 1.%6 1245049 .96
1978 2e-ls 31219 .79 17741 1.27 187314 7.41
1979 14924 13133 .23 787 l.~o $98s8s S.+8
RUTURS AND HUBS (MAIN/TAIL)
1973 13543 £4Se J.o0 285 D.v8 26487 1.3l
1975 24772 £zs8 3.3% 3913 5.39 25048 1.29
197% 1p798 $917 2.38 2874 .84 21721 2.8
137 13749 nini .39 eTT 2.5d ~72le 2.852
2312 3.31 3ed8 2.13 +713d 2.28
L33 3387 ~.ni £4322 Soai
~ea9 leo” T.aS 29387 1.87
13845 Jlou 2.3 2J13 I.1ln 1228« .n8
23779 3237 n.<8 1871 11.19 lalle .08
T el 2,lo lods loen™ 14580 .37
1270} Jdwa n. 1% 1647 2l.3e 199%1 1,97
ivda7 5071 a2 AL 17%4 11.38 24585 .38
I2~1s 3798 ~.d8 22058 | 19.39 33002 1.%59
LL3la L3inl 2,32 "8l 13.39 3843 .31
SUNER PUANT
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6. General Trends

The time trends of Figures 41 through 64 indicate that the
R&M measures for every major component group for every basic
Navy helicopter type worsened from 1968 to 1978. Unfortunately,
for all five basic types of helicopters, the year of introduc-
tion into Navy inventory was before 1968. Hence, we cannot
say definitely what the trend in R&M measures is from year of
first introduction intc service. However, mishap rates from
the Naval Safety Center are available from time of introduction
for all the Navy helicopters (see Figure 71 in Section III
below). The Naval Safety Center data show a general worsening
in mishap rates from time of introduction into the Navy inven-
tory. Hence, it 1s probable that the three R&M measures worsen
from time of introduction into the inventory. Evidently, the
aging of the fleet that occurs over time outweighs the benefl-~
cial effects of product improvements and results in an overall
worsening of R&M measures during the service life of the air-
craft.

176

|
i
l
I
[
i
1
!
[
I
1
3




|

Section II

U.S. Air Force Reliability and Maintainability Data

The Air Force publlishes reliability and maintainability
(R&M) data based on the D056 Product Performance data system.
These data are published in reference [58] at the two-digit
work unit code level for all USAF aircraft. Data are pre-
sented for six-month periods starting 1 April 1972 nd ending
31 March 1978.

The data report numbers of maintenance events and corre-
sponding maintenance manhours are given for "inherent,"
"induced," and "no defect" maintenance events. "Inherent”
maintenance events are defined as "activity resulting from
malfunctions that are coded as occurring internal to the
equipment," while "induced" maintenance events are "coded as
induced in the equipment from external sources." "Inherent"
maintenance events should provide a truer picture of trends
in the inherent R&M characteristics of the equipment since
external influences are removed insofar as possible. Accord-
ingly;, we have extracted only "inherent" malntenance event

data.

Data for the five nelicopter types included in reference
58] are summarized in Table 34 and plotted in Figures 65
through 69. At the end of each trend line in the figures, the
trend is characterized as "better," "worse," or "constant."
These characterizations are summarized in Table 35, which indi-
cates 2 majority of worsening trends for each of the three R&M

measures.
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Table 34. USAF HELICOPTER RELIABILITY AND MAINTAINABILITY DATA
] i ; Innerent ] ' ]

Helicooter Type . Flying | Maintenance ' Inherent Maintenance “H | Inherent Maintenance MH/FH |
4 Regors Period | Hours |  Events : MTBME ~Organizational [ Incermediate . Organizational | Incermediace |
elf : | : i & | ; i
lpr 72 -var 73 39,364 | 21,061 . 180 77,982 : 18,158 1.99 | 036
pro73 - var 74 26,5831 14,795 ¢ 1.79 0 62,251 | 10,094 2.35 0.38 !
Apr T3 var 751 23,983 | 11,488 | 209 44,38 | 57% | 1.24 _0.26 ’
for 5 - Mar 76 ! 17,833 | 26,618 | 1.50 | 33,944 | 3,267 ’ 1.90 0.18 |
pr 76 - Mar 77 11,960 7,906 1.51 | B35 | 360 2.81 0.26 |
for 77 - tar 78 | 19,219 9,183 210 37,253 } 4,317 i 1.93 0.22

!
- ‘ ! | |
Apr 72 - Mar 73 ‘ 19,636 8,111 2.42 43,028 6,298 2.19 0.32
Apr 73 - Mar 74 17,949 7,499 2.39 39,590 7,689 2.20 0.43
Apr 74 - Mar 75 t 20,558 9,107 226 42,13 3,624 2.05 0.18
Apr 75 - Mar 7 200221 1,006 | . 52,871 3,58 | 2.62 0.24
Apr 76 - Mar 77 , 13,267 | 1,000 ! 0.83 ‘ 63,670 5.607 4.80 0.42
ipr 77 - Mar 73 23,639 | 12,0014 | 137 60,197 6,464 2.55 ,o02r

i | ! } ! ‘ !
sl 1.} “ | ! i ! l
Apr 72 - Mar 73 0] o -] 0 0 . | .
Aor 73« Mar 74 | 5,083 1,576 | 3.22 6.234 a2r | 1.23 0.08
r74 - var 75 | 5,975 2,137 l 2.79 9,649 1,066 | 1.61 0.18
dor 75 - Mar 76 | 7,539 .614 | 2.09 13,835 1979 | 1.83 0.26 |
or 76 - Mar 77 4 5,39 | 377 ‘i 1.69 10,873 A 0.2 |
dor 77 - var 78| 7,396 2,606 | 3.03 9,022 2,200 | 1.14 0.28 :
&H=3C | | ! E
jor7z-var 73 |zsean| 2579 |1z 125,039 16,021 | a7 0.62 |
Apr 73 - Mar 74 26,53 | 21,517 | 1.23 | 127,683 18,359 " 4.81 0.69 ’
Apr 78 - war 75 | 28,080 | 22,703  1.24 142,575 18,411 | 5.08 0.66 |
jor 75 - var 76 | 22,873| 21722 | 1.05] 133,206 16,506 5.82 .72 |
Wr 76 - Mar 77| 16,621 | 22,088 | 0.75 ‘ 142,465 21,809 ‘ 8.57 1.31 ?
r77-var78 | 27,9631 22,857 | 126 150,441 22,109 . 5.38 079 |
dor72-var 73 2,3 ( 26,262 | .18 L 139,617 2,019 | §.26 0.94 |
dor 73 - Mar 74 16,218 | 20,361 126! 126,658 19,585 7.8 .21 )
or 74 - var 7S 16,272 19,620 | 0.83 | 118,460 20,8655 ! 7.28 v
r7s - var 76 013,639 | 18,598 - 0.73 ) 115,865 17,189 8.45 R I T
Aor 76 - var 77 8,676 ' 22,79 - 0.38! 1857, | 2285 ¢ 18.18 ; 2.80
Apr 77 - Mar 78 14,883 | 25,063 0.59 i 165,879 | 23,374 .14 ‘5 157
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Table 35. USAF HELICOPTER RELIABILITY AND MAINTAINABILITY
TRENDS, 1972-1978

"Mean Time ]
Between i Inherent Maintenance Manhours
| Helicopter | Maintenance per Flight Hour

Type Events Organizational | Intermediate

UH-~1F Constant Constant Better

UH~ 1IN Worse Worse Better
HH~TH Worse Constant Worse

CH-3C Worse Worse Worse

HH-53 Worse Worse Worse I_

for
w
no
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Section III

Service Mishap Rates

All three Services maintain reporting systems for air-
craft "mishaps.” Prior to January 1, 1977, these reporting
systems were all similar in concept but differed in detail
among the Services. Effective January 1, 1977, Department
of Defense Instruction 1000.19 prescribed standardized pro-
cedures for mishap reporting [59]. There are different cate-
gories of mishaps, but in general they cover all incidents of

a dangerous or potentially dangerous character--from minor
incidents (such as precautionary landings) through major

accidents, in which the aircraft is heavily damaged or lost.
The cause of the accident is also reported; there are a number
of cause categories, and more than one may be involved in a
single mishap. For example, if a transmission warning light
indicates an incipient transmission failure and the pilot
damages the landing gear 1in making an emergency landing, that
mishap may show both "Materiel Failure" and "Pilot Error" as

naving contributed to the accident.

A. REPORTING SYSTEMS AND AVAILABLE DATA

Zach Service's reporting system and available data are

discussed separately below.

1. Army

The Army mishap data are reported by the U.S. Army Safety

Center (USASC), Fort Rucker, Alabama. Th= reporting starts
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with the introduction of the aircraft into regular service use;
the test period prior to service use is not covered.

In the Army reporting system prior to 1977, mishaps were
categorized as total losses, major accidents, minor accidents,
incidents, forced landings, precautionary landings, ground, and 5
other. The difference between major and minor accidents and
between minor accidents and incidents was established for 'each
aircraft type by the cost to repailr. Since January 1, 1977,
mishaps have been categorized in five classes as follows:

Class A. Cost > $200,000; or aircraft missing, abandoned,

destroyed, uneconomically repairable; or fatality.

Class B. $50,000 < Cost < $200,000. -

Class C. $300 < Cost < $50,000; or lost workdays. -

Class D. Cost < $300 and lost workday case involving days
of restricted work activity.

Class E. Cost < $300 and no injury requiring more than
first aid.

Class A plus B mishaps are substantially equal to the pre-1977
total losses plus major accildents and minor accldents. Classes
C + D + E are substantially equal to the o0ld incidents plus
forced landings, plus precautionary landings, plus ground, plus
other.

The Army reporting system (both before and after DODI
1200.13) includes the following summary "Cause Factors":

e Personnel
Flight Crew
Ground Crew
Supervisory

e Znvironmental
Facilitiles
Command
Training
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GNEE AN @ WEE N A WY O YEw e

o Materiel!
Pailure/Malfunction
Malntenance
Design

& Weather
e Undetermined.

As already noted, it 1s possible that a single mishap may
involve more than one cause factor--which is true even wifhin
the major cause-factor categories. For example, a mishap
involving materiel may be charged to more than one of the
three subfactors under materiel.

For each helicopter type, we received mishap data from
USASC for the actilive Army worldwide inventory; these data
exclude mishaps caused by combat. The Army indicated that
its mishap data before FY 1968 were less reliable and advised
against our using them. Accordingly, the data reported herein
cover the twelve FYs 1968-79. For each helicopter type, we
assembled the following data by fiscal year:

e Number of flight hours

e Number of accidents (total of total losses plus
both major and minor accidents; or Classes A + B):

e Materiel failure
e Total.

e Number of mishaps (total of three accident types
plus incidents, forced landings, precautionary
landings, ground, and other; or Classes A through E):

s Materiel failure

e Total.
Using these data, we calculated mishap rates per 10,000 flight
nours (Table 36). Table 36 does not repeat the data for F¥s
1968-73 which were included in our 1975 study [1]. 1In Table
26 the accident figures for FY 1977-79 are Class A + B mishaps

The Army and Air Force use this spelling; the Navy uses "Material."”
In this repcrt we use "Materiel" throughout.
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under the new classification system. The four mishap rates
are plotted versus fiscal year in Figure 70. In some cases |
when a helicopter was entering or being phased out of service
and the mishap rates were not meaningful, the data for those
years were not included in our tables or figures.

Mishap rates involving materiel were shown because they
should reflect reliability growth (if any) in the helicopter
fleet being achieved through design or process improvement.

The mishap rates were plotted on semi-log paper so that equal
rates of change would be parallel at any location on the
paper.! For both accident rates and total mishap rates, the
change in rates involving materlel generally followed the total
rates. In most cases, surprisingly, the rates for all mishaps

tended to increase over time, while the accident rates tended

to decrease. In discussing these results, USASC personnel

offered the following probable reasons for these two trends.
(1) Serious problems causing accidents tend to be cor-

rected first (thus reducing the accident rate), while
minor problems receive less attention.

(2) With the deceleration of the Vietnam conflict, less
i mission pressure encouraged pllots to make precau-
tionary landings in order to reduce the possibility
of accidents,

(3) Though the development of better fault-warning sys-
tems has 1ncreased precautionary landings and other
incidents, it has reduced accidents.

(4) Progressively more mishaps occur as the fleet ages,
much as 1s the case with o0ld automobiles.
Hence, though there appears to be increasing reliability inso-
far as accldents are concerned, there appears to be a deterio-
ration in reliability insofar as all mishaps (both those
involving materiel and total) are concerned.

Since log paper does not go to 0.0, a zero accident rate (whenever it
occurred) was plotted at the bottom of the mishap-rate scale.
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2. Navy

Navy mishap data are reported by the Naval Safety Center
(NSC), Norfolk, Virginia. The reporting starts with the test-
ing of the aircraft at the Naval Air Test Center, Patuxent
River. However, the data we obtained for helicopters during
this period appeared unreliable, and only data for regular
Service use appeared usable for our purpcses. In the Navj
reporting systems, mishaps are broken down as follows:

Involves loss or substantial damage
to aircraft.

® Major Accident

® Minor Accident

¢ Incident - Very minor damage or no damage (e.g.,
an engine failure followed by a suc-
cessful autorotative landing, or an
abort following main engine start).

No intent to fly (includes injuries
to maintenance personnel during
maintenance).

Minor or limited damage.

¢ Ground Mishap

The difference between major and minor accidents is established
for each aircraft type by the cost to repair.

The Navy reporting system includes the following "Contrib-
uting Causes":

e Pilot
e QOther Personnel

e Materiel
Failure or Malfunction
Design
Maintenance~Personnel-Induced
Pllot-Induced

¢ Jeather
¢ Alrport Facility
e Carrler/LPH Facility.

There are a number of other contributing causes, in addition
to those listed above. However, the great majority of mishaps
invclve the first three categories above (including the
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subcategories under "Materiel”). As with the Army, it is

vossible that a single mishap may involve more than one cause.

For each helicopter type now in Navy service, we received
mishap data from the fiscal year of introduction into service
through FY 1974 and for CY 1975 through 1979 for the Navy world-
wlde inventory; the Navy excluded mishaps caused by combat in
these data. For each helicopter type, we assembled the féllow—
ing data by fiscal year:

® Number of flight hours.
e Number of major accidents:

Involving pilot error

Involving other personnel error
Involving materiel failure
Total.

o Number of minor accidents or incidents:

Involving pilot error

Involving other personnel error
Involving materiel fallure
Total.

e Ground Mishaps:

Involving pilot error

Involving other personnel error
Involving materiel failure
Total.

e Total Mishaps:

Involving pilot error

Involving other personnel error
Involving materiel failure
Total.

Although the present Navy system reports minor accidents sepa-
rately from incidents, prior to FY 1968 the two were reported
as a single category. For this reason, in order to have a
consistent time series we have combined them, since all Navy
helicopter types presently in service were in the inventory
vefore FY 1963. Using these data, we calculated mishap rates
per 13,220 flizht hours (Table 37). Table 37 does not repeat

the data for FYs through 1372 which were included in our 137%
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study [1]. 1In gzeneral, there are somewhat fewer major acci-
dents than ground mishaps, while the great majority of mishaps
involve minor accidents or incidents. However, even though
major accidents account for the fewest mishaps of the three
categories, they are probably the most important in terms of
total cost (both in materiel loss and in injuries and fatall-
ties). Major accident rates (involving materiel and total)
and all mishaps (involving materiel and total) were plotted
versus year (Figure 71). In some cases when a hellcopter was

entering service and the mishap rates were not meaningful, the

data for those years were not included in our tables or figures.

NSC has made no change in their reporting system as a
result of DODI 1000.19; they are considering some changes that

may become effective in 1981.

The general pattern of the Navy mishap rates is similar
to that for the Army. In general, the major accident rates
decreased over time while the total mishap rates 1lncreased.
In addition to the reasons proposed by USASC personnel, per-
sonnel at NSC felt that the quality and attitude of mainte-
nance personnel were also factors in the worsening mishap rate.
They indicated that (1) the better maintenance personnel are
assigned to the newer aircraft types, and (2) their degree of
eazerness decreases with the age of the alrcraft. They also
believe that the increasing total mishap rates may be partil-
a1lly caused by more complete reporting of mishaps over time.
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Section IV

Helicopter Product Improvement Programs

After hellcopters enter service use, changes are often

incorporated in them under Product Improvement Programs (PIPs).

Depending upon the nature of the modification, the work may be
accomplished at the organizational, intermediate, or depot
level of service maintenance activity, or by the manufacturer.

The Army assigns one of the following eight justification
codes (JCs) to each PIP:

(1) Sarfety
(2) New or Improved Operational Capabilities
(3) Cost Reduction
P = Production
0&S = Operations and Support
(4) RAM
(5) Deficiency Corrections

(6) Compatibility/Standardization/Environmental/
Simplification

(7) Legislative Compliance
(8)

Table 38 shows Army PIP dollars for all current basic heli-
copter types in service use. PIPs designated as RAM (JC&4)

¢

nergy Conservation.

are shown separately in Table 38. Although each PIP is
assigned to a single JC, in reality PIPs almost always have
implications in more than one JC. Virtually any PIP will
nave some Iimpact on R&M characterlstics; depending on the
partlculars of the modification involved, it could either
improve or degrade R&M characteristics. 1Indeed, the same
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Table 38. U.S. ARMY HELICOPTER PRODUCT IMPROVEMENT PROGRAMS
(Mi1lion Dollars)
tnd-
ltem | JcC Prior | FY 80! Fy 81 | Fy 82 | Fy 83
AR~ 4 0.18 0.00 0.00 0.00 0.00
Other | 301.49 | 296.34 | 157.77 | 131.57 | 258.82
1-8 296.3% 7. T3T.57 :
7 odee | G| L] BB an |
ther .8 . 81. . .
1-8 9077 : I | 6T T%
CH-54 4 0.33 1.11 1.36 0.95 0.27
Other 1.54 1.27 0.72 1.11 0.08
-8 | TT.87| TZ2.38| TZ.08 | T7Z.06 | T 0.35
EH-1 4 0.00 0.00
Other 50.17 19.25 -
1-8 50.77 19.25 | =ece--- Classifiede-vvce--
EH-60| 4 0.00 0.00
Other 0.98 | _16.88
1-8 0.98 16.88 s~==---Classified-s-v---
OH-58 | 4 0.00 0.04 0.07 0.78 0.75
Other | 101.55 1.68 | _19.32 | _44.86 | _38.26
OH-6 4 0.07 0.20 0.81 0.90 0.95
Other 2.06 Q.25 0.67 0.26 0.00
-8 | TZ.13| TO045 | 148 | TT.T6 | TO0.8%
TH-55| 4 0.00 0.00 0.00 0.00 0.00
Other 0.00 0.00 0.00 0.48 0.00
1-8 | —0.00 | —0.00| —0.00 | ~0.48 | —0.00
UH~1 4 10.96 0.00 2.84 4.79 3.65
Other | _38.77 7.88 | _51.19 | _68.34 | _57.69
1-8 | 74373 | T 788 | T58.03 | T73.73 | BT.34
UH-60 | 4 0.00 0.00 0.00 0.00 0.00
Other 0.00 0.34 0.21 | _10.91 | _17.95
1-8 | T0.00 | T0.3% | 0.7 | TTo.87 | Y7E%
Grand Total | 672.66 | 435.36 | 468.10%] 542.16% | 645.56°

dexcludes EH-1 and EH-60.

Source:

Office of Procuct Improvement, U.S. Army Materiel Development

& Readiness Command
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PI? could both improve and degrade different aspects of R&M
characteristics. TFor example, some helicopters have been
2quipped with blade inspection method (BIM) indicators. These
indicators sense the pressure within the rotor blade spar and
give a cockplt warning 1f the blade is losing pressure, which
could be caused by blade crack propagation. These devices
tend to reduce crashes, but at the same time they give many
false indlcatlions leading to precautionary landings. Hence,
this device, which 1is primarily RAM in nature, may reduce the
number of catastrophic failures slightly but at the same time
cause many more minor failures so that the overall failure
rate is higher with the BIM than without it.

Total PIP program dollars for each basic helicopter type
in Army, Navy, and Air Force service use are available in the
Procurement Annex to the Five Year Defense Program under the
budget appropriation subtitle "Modification of Aircraft.”
These data are available starting with FY 1969. Unfortunately,
the Procurement Annex 1s classified Confidential. In order

to keep thils study unclassified, they are not included. The
Navy helicopter modification dollars are comparable to those

of the Army; the Air Force modification program is much smaller
since helicopters are not as widely used in the Alr Force as

in the other services, and tend to be used more in support roles
than in combat mission roles.

The Army and Navy helicopter modification programs are each
running in the hundreds of milliions of dollars annually. Yet
with the single exception of accidents, we found no R&M char-
acteristic time series that indicates improvement in fleet R&M
characteristics over time. 1Indeed, the Navy 3-M tlme series
show marked degradation in R&M characteristics over time.
Although PIP dollars do not appear to be effective in improving
R&M characteristics (other than accident rates), this cannot be
3 firm conclusion. It 1is possible that R&M degradation over

Time might be even worse in the absence of the PIPs,
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Section V

Army Operationally Ready (OR) Data

Operationally ready data show the percent of assigned air-
craft that are operationally ready to perform their assigned
mission. Those not operationally ready are classified as
either awaiting spare parts (NORS) or maintenance personnel
(NORM) to work on them. Accordingly, the operationally ready
(OR) rate reflects the basic R&M characteristics of the air-
craft, and also the level of spares support, the level and
quality of assigned maintenance personnel, the flying hour
rate, and the operating environment of the aircraft (climatiec,
maintenance facilities, type of flying, etc.). Hence, the OR
rate is not a pure measure of R&M characteristics, but it is
an important one in that 1t represents the prime objective of
all R&M efforts--to have alrcraft ready to perform their
assigned missions. Assuming the other factors affectling the
OR rate remain constant, then any improvement (or worsening)
of R&M characteristics should be reflected in changes in this
rate.

The Army publishes alrcraft operationally ready data
monthly. At IDA's request TSARCOM made a special run of
11l helicopters for the period 1967-1980. The data were
limited to "Forces Command" alrcraft--those aircraft operated
by the First, Fifth and Sixth Armies, all based in the con-~
tinental U.S. (CONUS). The data were limited to CONUS-based
aircraft in order to eliminate (insofar as possible) the
effacts of varlable operating environments--particularly the
‘Jietnam War environment. Data in this speclal run were pre-
sented both monthly and as annual averages.
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The operationally ready rate (in percent) 1is calculated
as follows:

OR = 100 - NORS -~ NORM

where
NORS = the percent of aircraft that are not operationally
ready because they are awaiting spare parts,
NORM = the percent of aircraft that are not operationally

ready because they are awailting maintenance (per-

sonnel).
In additicn to the OR, NORS, and NORM figures, the data show
the number of aircraft assigned and the hours flown. The
TSARCOM data flle appears to be incomplete for some months and
years. Accordingly, we dropped some helicopter types from our
data base completely, and for others we restricted the number
of years to those where we felt sufficient data existed to be
statistically significant. This process left us with the nine
helicopter types whose data are presented in Table 39 and
Figure 72.

Referring to Figure 72, the difference between the top
line and 100 percent represents the NORS percent; the differ-
ence between the two lines represents the NORM percent; and
the lower line shows the resulting OR percent. We have noted
whether the overall trend of the OR rate appears to become
better, worse, or remain constant over time. These overall
trends are summarized in Table 40. As can be seen, the trends
for five helicopters remained approximately constant, two
worsened slightly, and two improved slightly. The overall
conclusion based on these data is that, on average, Army OR
rates generally remain constant over time.
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Table 39. ARMY FORCES COMMAND HELICOPTER STATUS
Helicopter Total
Type and 0R? NORS? NORM? Aircraft-
Year (%) (%) (%) July Hours Flown
CH-47A
1974 60.7 7.0 32.4 24 1,555
1978 66.3 13.8 19.9 2% 3,248
1976 57.9 15.1 26.9 35 3,1
1977 60.7 12.3 27.0 27 2,158
1978 §5.3 14.9 29.7 22 1,282
1979 65.5 12.6 21.9 21 1,710
1980 65.4 10.1 24.6 22 768
CH-478
1973 65.7 10.5 23.9 a4 3,289
1974 70.1 9.0 20.9 48 6,068
1978 67.3 8.0 24.7 56 6,386
19786 60.5 12.4 27.1 57 5,527
1977 66.4 9,7 23.9 55 5,892
1978 72.2 5.8 22.0 59 5,875
1979 76.8 5.0 18.3 60 6,412
1980 65.0 5.5 29.8 63 3,M
CH47C |
1973 72.3 10.1 17.6 72 4,986
1974 §7.3 19.3 23.4 78 8,708
1975 66.0 13.7 20.3 96 11,822
1976 63.4 11.7 18.3 100 10,940
I 1977 72.5 8.2 19.2 109 14,045
{ 1978 70.8 10.5 18.86 107 14,222
g 1979 66.7 13.0 20.3 103 12,383
L 1980 59.8 10.6 29.5 80 6,898

Operationally ready.

Mot operationally ready for supply.
INot operationally ready for maintenance.
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Table 39 (continued)
Helicopter Total =
Type and OR NORS NORM Aircraft-
Year (%) (%) (%) July Hours Flown
Ut=1H "
1967 83.2 3.9 12.9 a2 6,788
1968 70.4 10.2 19.5 5 883
1969 7.4 14.0 14,6 8 1,713
1970 73.7 9.2 17.1 37 11,638
1971 §9.4 13.6 17.0 59 18,272
1972 n.3 1.4 17.6 70 23,549
1973 76.3 3.2 14.5 960 115,217
1974 77.2 7.2 15.6 1,015 206,873
1975 74.7 7.9 17.4 1,128 220,697
1976 76.0 6.7 17.3 1,149 207,893
1977 77.6 4.7 17.7 1,18 218,794
1978 76.0 5.4 18.5 1,143 206,285
1979 77.0 5.6 17.4 1,104 182,376
1980 73.0 5.8 21.2 926 89,336
TH-16
‘ 1972 64.5 | 20.2 15.3 2 180
1973 68.8 15.8 15.4 10 686
: 1974 52.7 32.4 14.9 10 747
‘ 1975 54.9 18.7 26.4 1" 997
1376 57.4 12.9 29.7 12 808
1977 66.3 5.2 28.4 9 844
1978 58. 1 8.6 33.3 7 484
1979 69.9 4.8 25.3 7 166
0H-58A
1969 81.7 10.0 8.3 L2 3,241
1970 84.5 6.2 9.4 13 7,323
1971 79.0 10.1 10.9 32 11,149 |

39 in July; 2 in August increasing to 8 in December,

(continued on next page)
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Table 39 (continued)

Helicopter Total
Type and O0R NORS NORM Aircraft-

Year (%) (%) (%) July Hours Flown

OH-58A (cont'd)
1972 | 7.2 14.1 4.7 53 16,774
1973 74.4 1.1 4.6 617 65,469
1974 | 73.8 10.3 15.8 653 107,807
1975 75.7 8.9 15.4 729 124,684
1976 75.5 9.4 15.2 785 117,368
1977 78.5 7.0 14.6 800 124,359
1978 76.4 7.3 16.3 692 119,013
1979 76.6 8.8 14.5 641 105,236
1980 75.7 7.2 17.1 603 54,625

AH-16
1971 82.1 4.4 13.5 -2 543
1972 77.9 10.7 1.4 29 5,837
1973 n.2 | 12.5 | 16.3 388 22,931
1974 65.3 17.4 17.3 440 41,082
1975 69.0 n.7 19.3 467 46,690
1976 64.3 1.7 24.0 357 33,713
1977 7.4 6.6 22.1 m 35,736
1978 67.0 8.8 28.2 325 31,159
1979 7.6 9.3 19.1 267 21,421
1980 68.6 8.8 22.6 169 8,398

AH-1S
1976 | 73.5 8.8 | 17.8 R 635
1977 84.2 2.2 13.6 46 6,514
1978 80.3 7.4 12.3 120 14,733
1979 7.1 11.5 1.5 200 22,188
1980 78.8 7.8 13.5 243 17,848

3 in July; 4 in
by in July; 3 in

August fncreasing to 7 in December.
August increasing to 25 in December.
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Table 39 (concluded)

Helicopter Total

Type and OR NORS NORM Aircraft-
Year (%) (%) (%) July Hours Flown

CH-548
1971 64.0 23.6 12.4 4 226
1972 61.6 23.9 14.5 8 1,283
1973 70.2 12.2 17.6 18 2,073
1974 77.3 9.6 13.1 22 2,869
1975 7.4 9.7 18.9 22 3,355
1976 63.0 16.2 20.9 23 2,986
1977 73.3 10.5 16.2 23 2,842
1978 n.a 12.8 16.2 23 3,733
1979 72.3 8.8 18.9 13 2,037

:
:
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Table 40. U.S. ARMY FORCES COMMAND HELICOPTER

OPERATIONALLY READY TRENDS

Operationally
Helicopter Type Ready Trend
CH-47A Constant
CH~478 Better
CH-47C Constant
UH-TH Constant
TH-1G Constant
OH-58A Worse
AH-1G Worse
AH-1S i Constant
CH-54B ( Better
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Section VI

Changes in Commercial Aircraft Reliability/Maintainability
Characteristics Over Time

Over 80 percent of the Free World's commercial airliners
are produced in the U.S. and are widely acknowledged to be the
best in the world. Accordingly, their R&M characteristics are
probably close to optimum and may provide insights useful in
formulating R&M policiles for military aircraft.

A. MAINTENANCE COSTS AND MAN-HOURS

Figures 73 through 84 are a series of figures obtained
from McDonnell Douglas Corporation reports which depict mainte-
nance cost and manhour trends for three generations of U.S.
commerclal jet transports. These figures are based on data
reported by all U.S. air carriers to the Civil Aeronautics
3oard on CAB Form 41 reports.

Figure 73 shows annual direct maintenance costs in current
dollars for the first generation of four-engine jets. Figures
7L and 75 show the breakdown of these costs by airframe/
accessorles and engines. Figure 74 1is presented in cumulative
terms while Figure 75, like Figure 73, 1is in annual terms.
Since Pigure 74 shows quite stable costs, the annual airframe
and accessories maintenance costs would be quite similar to
the cumulative costs shown. The engine costs generally
decreased through 1971 and then zlmost doubled from 1972 to
1378.

-

I these costs are corrected for inflation using the Con-

sumer Price Index, the real costs (for the entire alircraft,
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Tigure 73), decreased by about 35 percent from 1960 through
1977. ©Figure 76 confirms this decrease in real costs; it
shows that maintenance manhours per flying hour decreased by
about 50 percent over this 1l7-year period.

The second generation of U.S. commercial jets were the
twin and tri jets shown in Figure 77: the Boeing 727 and 737
and the McDonnell Douglas DC-9. Figure 77 shows the cumula-
tive direct maintenance costs in constant 1977 dollars, and

Figures 78 and 79 show the breakdown of these costs by airframe/

other flight equipment and engines. Although these are cumu-

lative plots, the fact that they are all fairly constant after

the first couple of years indicates that annual costs stabi-
lized at roughly constant levels after about two years. This
general pattern is confirmed by Figure 80, which shows that
manhours per flying hour were quite constant for the DC-9-30
and B-737, while they decreased somewhat for the B-727.

Plots similar to those for the twin and tri jets are
presented for the most recent generation (the wide body DC-10,
B-747, and L-1011) in Figures 81 through 84. The direct
maintenance costs per revenue flight hour are again fairly
constant after the first couple of years for the B-747 and
L-1011, while the DC-10 exhiblts an increase over the entire
period due entirely to 1lncreasing engine maintenance costs.
Manhours per flying hour are agailn fairly constant for all
three wide body Jjets.

B. MECHANICAL SCHEDULE RELIABILITY

Figures 85 through 90 depict mechanical schedule reli-
ability (also called "dispatch reliability" or "mechanical
dispatch reliability") for the Boeing 707, 727, 737, 747; the
McDonnell Douglas DC-8, DC-9, DC-10; and the Lockheed L-1011
alrcraft. Schedule interruptions due to mechanical problems

include cancellations, alr turnbacks, diversions, and departure
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delays zreater than 15 minutes. This measure of reliability
is similar to the "Mission Reliability" used by the military
services.

The first Jet airliner produced in this country (the
707-100) required about five years to reach its mature level
of schedule reliability. Later models (the 707-300 and
-300B/C) required only two or three years. The next completely
new Boeing aircraft (the T27) reached its mature level of
schedule reliability in only about six months, while the next
Boeing (the 737) had a very high schedule reliability when it
was flrst put into service. The most recent Boelng aircraft
to enter service (the T47) exhibited a growth in schedule reli-
ability much like that of the 707-100. The 747, mainly due
to engine reliability problems, required about three years to
reach its mature level of schedule reliability.

The DC-8, which closely followed the Boeing 707-100,
also required about five years to reach its mature level of
schedule reliability, but it was somewhat more reliable than
the 707-100 throughout thils growth period. The next genera-
tion McDonnell Douglas transport, the DC-9, was quite similar
in schedule rellabllity to the Boeing 727 and 737 (see Figures
86 and 88); all three alrcraft exhibited a high initial reli-
ability. The DC-9's reliability grew slightly durlng the
first three years of service and stabilized slightly above the
levels of the Boeing 727 and 737. The most recent McDonnell
Douglas aircraft, the DC~10, had a fairly high initial reli-
ability and reached its mature level of reliability after about
taree years in service (see Figure 89).

The Lockheed L-1011 (Figure 90) required roughly two
years to reach its mature level of schedule reliability.

These relliabllity trends indicate some improvement in
the later models relative to the first generation jet trans-
ports, the Boeing 727-13C and the DC-3. As indicated by the
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Boeing 727 and 737 and the McDonnell Douglas DC-9, it is pos-
sible (and certainly desirable) to develop new aircraft with
very high initial levels of schedule reliability. When prob-
lems are encountered early in the service life (as in the case
of the latest generation of wide body jet transports), they are
corrected within two cr three years after introduction into
service use.

C. SUMMARY AND CONCLUSIONS

The trends in maintenance costs, malntenance manhours,
and mechanical schedule reliability are summarized in Table 41.
First generation commercial jets were the only ones to show
long term (i1.e., greater than three year) improvement trends.
Second generation jets showed little improvement in any R&M
measure after introduction into service; they were basically
good when introduced. Third generation jets experienced some
reliability problems with thelr high by-pass ratio engines,
but R&M characteristics stabllized after two or three years.

It appears that the commercilal aircraft manufacturers
strive to develop theilr aircraft to a mature level of R&M char-
acteristics prior to introduction of the aircraft into service.
When problems have developed in the last two generations of
Jets, they have been corrected within two or three years follow-
ing introduction into service; thereafter, R&M characteristics
have remailned quite constant.
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Figure 81. EQUIVALENT DIRECT MAINTENANCE COSTS (TOTAL)
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Figure 82. EQUIVALENT DIRECT MAINTENANCE COSTS
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Figure 83. EQUIVALENT DIRECT MAINTENANCE COSTS, ENGINES
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Figure 87. MECHANICAL SCHEDULE RELIABILITY, DC-8
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Figure 88. MECHANICAL SCHEDULE RELIABILITY, DC-9 AND B-737
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Figure 89. MECHANICAL SCHEDULE RELIABILITY,
B-747, DC-10, AND L-1011
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Figure 90. MECHANICAL SCHEDULE RELIABILITY, L-10M
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Tahle 41,

SUMMARY OF TRENDS IN COMMERCIAL AIRCRAFT

RELTABILITY/MAINTAINABILITY CHARACTERISTICS

Direct
Maintenance | Maintenance
Costs in Manhours Mechanical
Jet Transport Constant per Flying Schedule
Generation Dollars Hour Reliability
First Generation Decreased Decreased B-707-100 and DC-8
(Four Engine Jets) about 35% about 50% ' | required about five
over first |over first | years to maturity;
17 years. 17 years. later B-707 models
required two or
three years.
Second Generation Approxi- Slight B-727 and 737 and
(Twin and Tri Jets) |mately reduction DC-9 all had high
constant initial reliability;
DC-9 grew to a
slightly higher
level during first
three years of
service.
Third Generation
(Wide Body Jets)
B-747 & L-101 Approxi-
mately
constant Approxi- Rﬁquired two to
0C-10 Some mately t ree years to
increase constant maturity
due to
engines
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Chapter IV

CONSIDERATIONS IN THE ALLOCATION OF RESOURCES
FOR R&M GROWTH DURING THE DEVELOPMENT PHASE
VERSUS DURING THE PRODUCTION PHASE

There are a number of factors that should be considered
in deciding whether to allocate resources for R&M growth
during the development phase or during the production phase
of a helicopter program. PFactors that favor allocation of
resources during each phase are summarized in Table 42 and
are discussed below; the discussion 1s tied to the numerical
listing of factors in the Table.

Table 42. FACTORS THAT FAVOR ALLOCATION OF RESOURCES
FOR R&M GROWTH DURING THE DEVELOPMENT PHASE
AND DURING THE PRODUCTION PHASE

Development Phase

Production Phase

Should achieve a greater
improvement in R&M per unit
cost and time because of
Duane curve characteristics,

R&M growth program should be
more cost-effective because
of controlled management- and
operating environment,

Improvements do not have to
be retrofitted on delivered
aircraft.

Improved R&M characteristics
availahle over entire life
of aircraft.

Development phase costs less
(but production phase will
cost more if R&M growth is
deferred to it).

Development phase may take
less time, resulting in pos-
sible earlier I0C date.

Earlier discovery of those
failure modes induced by
field environment.
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A. FACTORS FAVORING R&M GROWTH DURING DEVELOPMENT PHASE

1. As discussed in Chapter II, helicopter development
programs, in a very rough way, tend to follow the Duane growth
process. This process 1s characterized by a continual reduc-
tion in the degree of R&M improvement per unit of cost or time
required to achieve the improvement (see Figures S-2 and S-3).
Since fewer flight hours have been accumulated in the develop-
ment phase than in the production phase, it should be possible
to achieve a greater degree of R&M improvement per unit of cost
or time in the development phase. Further, while virtually
all programs exhibit R&M improvement during the development
phase, there 1s no clear-cut evidence that R&M characteristics
in general improve during the production phase. Indeed, some
data indicate that they worsen (see 3-M data of Chapter III,
Section I).

2. R&M growth programs during the development phase would
be conducted at the manufacturer's plant or at a service test
facility in CONUS where manufacturer's personnel could be sta-
tioned. Accordingly, the operating environment 1s such that
information on failures can be quickly collected and fixes
developed, thus facllitating the R&M growth process. On the
other hand, once a helicopter 1s in production and operating
in the field (perhaps overseas), the collection and transmittal
of failure data 1s much less complete and fast, and the time
required to incorporate fixes into aircraft in the fleld is
much greater. Further, in order to incorporate changes in a
production program it is necessary to change production
drawings/processes/tooling and in general interfere with the
smooth functloning of the production process. Hence R&M growth
programs should be considerably more cost-effective during the
development phase because of the more favorable management and
operating environment. One quantitative survey concluded that
production phase changes are ten times as costly as develop-
ment phase changes [(3].
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3. If design changes to achieve R&M growth are incorpo-
rated in the development phase, then later production aircraft
will have the improved deslgns incorporated in them when they
are built. However, if changes are made during the production
phase, then the changes must be retrofltted into those ailrcraft
which have already been produced. This retrofitting is more
expensive than incorporating changes 1n the initial construc-
tion of the aircraft. Further, retrofitting aircraft in the
fleld degrades the mission operational readiness of the units
to which they are assigned.

4. If R&M-related changes are incorporated during the
development phase, the benefits of these changes are available
over the entire life of the aircraft. If changes are made
during the production phase, then the benefits are not realilzed
in the already-produced aircraft until they are retrofitted.

B. FACTORS FAVORING R&M GROWTH DURING PRODUCTION PHASE

1. and 2. The principal advantage of deferring R&M growth
resources from the development phase to the production phase
1s that the cost and schedule time required for development may
be reduced. As a result, an earlier IOC date can be achileved.
This could be a very important consideration in some programs,
depending on the military threat situation.

3. Some R&M problems only become apparent when an aircraft
is operating in its normal fleld environment. These problems
wlll be discovered earlier because of the earlier IOC date, but
a speclal process involving data collection, engineering follow-
up and production modification 1s required for timely incorpo-
ration of fixes (as in the Black Hawk program).
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